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Abstract
Two y-TiAl alloy groups were the subject of this investigation. From the first group, T i- 
40Al-5Mn and Ti-40Al-10Mn alloy ingots, produced by cold-hearth plasma arc melting 
were characterised using light and electron microscopy and XRD. Their dendritic 
microstructures comprised of arfy lamellar areas and single-phase y, [3 and Laves (M ^Ti) 
grains or precipitates. The lamellar arfy Volume fraction was less in the Ti-40Al-10Mn 
alloy, due to the influence of its higher Mil content. The alloys were heat treated at 1200°C 
for 4 hours, resulting in nearly lamellar and duplex microstructures in the Ti-40Al-5Mn and 
Ti-40Al-10Mn alloys, respectively. In both cases, the lamellar colonies contained poorly 
formed, discontinuous 0C2 lamellae. Raising the heat treatment temperature to 1300°C 
provided both alloys with fully lamellar microstructures with well formed, linear and 
continuous 0C2 lamellae. From the second alloy group, the Ti-47Al-4(Nb, Mn, Cr, Si, B) 
alloy known as y-TAB, was produced as hot isostatically pressed billets. Its microstructure 
comprised of some “feathery” lamellar colonies and single phase y-matrix. Unique phases 
based on Ti-B and Ti-Si were identified as being TiB and Ti5Si3, respectively. The boride 
stringers were profusely spread in the microstructure, whereas the Ti5Si3 was very elusive 
and found only once in TEM analysis. Heat treatment at 1400°C for 6 hours resulted in a 
fully lamellar Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy with wide interlamellar spacing and 
greater y lamellae volume fraction; however the lamellar morphology was generally linear 
and continuous.
In order to assess microstractural and lamellar morphological stability of the fully 
lamellar alloys, isothermal ageing at 800°C for durations of 500, 1000, 1500 and 2000 hours 
was conducted. Major microstructural changes took place in the Ti-A l-M n alloys, whereby 
Ostwald ripening of 0C2 agglomerates and (3 grains in the early stages, gave way to Laves 
phase lamellae and grains in the latter stages of ageing. This was more extensive in the T i- 
40Al-10Mn alloy due to phase equilibrium requirements, whereby more of the a 2/y lamellar 
content was eliminated. However, the specific resilience of 0C2 lamellae was inferior in the 
Ti-40Al-5Mn, as greater serration, fragmentation and termination migration within lamellar 
regions was witnessed. Termination migration within lamellar regions was considered as 
being independent to termination migration of the colony boundaries, which was 
distinguished as recession or contraction of the lamellar region, with an equivalent extension 
of the y-matrix. Boundary splitting was not precisely seen, but must have been the precursor 
to termination migration. In the Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy, no Ostwald ripening of 
ot2 agglomerates or formation of p or Laves phases was observed. The y-matrix did 
progressively extend to eliminate a 2/y lamellar grains to some degree, and y lamellae 
coarsened profoundly. Fragmentation and termination migration of a 2 lamellae was more 
prominent after 1500 hours ageing. Mean interlamellar spacing (X) and coarsening ratio (r) 
increased the most in the Ti-40Al-5Mn alloy, due to the extent of a 2 lamellar fragmentation 
and termination migration, followed by the Ti-47Al-4(Nb, Mn, Cr, Si, B) and Ti-40A1- 
lOMn alloys, respectively. Modes o f morphological evolution that had not taken place during 
thermal ageing in all alloys studied, were direct cylinderisation, edge spheroidisation and 
discontinuous coarsening. Overall, the Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy provided the best 
model for development of y-TiAl alloys with enhanced morphological stability, if  issues 
such as the low a 2 phase volume fraction and coarse y lamellae could be resolved. The role 
of silicon in y-TiAl alloys also needs to be examined, and whether it has any bearing on 
lamellar morphological stability.
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Introduction
Gamma titanium aluminide alloys are now seen as the prime candidate materials to 
supersede the current range of nickel based superalloys, used in the sub-800°C temperature 
region of gas turbine engines. The attributes of the y-TiAl intermetallic alloys have prompted 
much interest and research and development in the aerospace industry, where the potential 
benefits in performance and efficiency from y-TiAl alloys could prove very significant. The 
y-TiAl alloys offer a good combination o f tensile modulus, creep resistance and most 
crucially low specific density. With the progressive generations of y-TiAl alloys, many 
advancements have been made in terms o f their engineering properties, however not all 
aspects of their microstructural characteristics have been fully considered.
The production of a fully lamellar microstructure is now fundamental to engineering 
y-TiAl alloys, offering optimum performance and applicability. The morphological stability 
of lamellar microstructures at elevated temperatures, is one aspect that has hindered steps 
forward in fully implementing y-TiAl alloys in the demanding aero-engine applications. The 
aim of this study is to miderstand the thermal stability of lamellar structures in y-TiAl alloys. 
The objectives of the research are {1} to miderstand the synergistic effects between alloy 
composition and heat treatment on lamellar structure formation, {2} to investigate the 
synergistic effects between alloy composition and thermal ageing, on the partitioning 
behaviour of alloying elements between the y and phases and {3} to study the 
morphological evolution of the lamellar structures as a function of temperature and time.
Key criteria used in evaluating thermal stability of lamellar structures, involve 
considering specific mechanisms of morphological evolution, such as those outlined in the 
literature review. Complimentary to this is the measurement of changes in interlamellar 
spacing and its associated coarsening ratio, as a function of thermal ageing time. In order to 
achieve the aim and objectives, two groups of y-TiAl alloy are selected, comprising of the 
Ti-40Al-5Mn and Ti-40Al-10Mn alloys from the first group and the Ti-47Al-4(Nb, Mn, 
Cr, Si, B) alloy from the second group. The micro structures of these alloys are characterised 
using a range of analysis techniques including light and electron microscopy, EPMA, XRD 
and TEM-EELS.
Chapter 1 of this thesis presents a literature review on y-TiAl alloys, containing an 
oveiview on recent developments, alloying and properties and micro structure. Chapter 2 
describes the experimental work undertaken on the two alloy groups, describing the 
experimental techniques used for heat treatment, ageing, characterisation and measurement 
of lamellar spacing. Both alloy groups are heat treated to produce fully lamellar
Introduction
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microstructures and then thermally aged for up to 2000 hours at 800°C. The resultant phase 
transformations and lamellar degeneration characteristics are assessed in terms of modes of 
morphological evolution and lamellar spacing changes.
Chapter 3 presents the results, data and observations of Ti-A l-M n alloys in the as- 
received, heat treated and thermally aged conditions. Phase compositional analysis, and X- 
ray diffraction provide evidence of phase identity and changes in element content. TEM - 
EDX analysis of the y and a 2 phases before and after thermal ageing provides a profile of 
alloy element segregation. The change in lamellar spacing and coarsening ratio during 
thennal ageing offers an appraisal of lamellar thermal stability.
Similarly, Chapter 4 presents results for the Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy but also 
includes TEM analysis of two important features, namely Ti-B and Ti-Si based phases from 
the as-received material. The results and observations for both alloy groups are deliberated in 
the discussion section of Chapter 5, with some additional micrographs to endorse the 
findings, which are then outlined and summarised in the conclusions in Chapter 6 along with 
suggestions for future work. The Appendix section and a list of references are found towards 
the back of this thesis.
2
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1.1 Titanium Metallurgy
The discovery of Ti was made by an English Priest, W. Gregor in 1791. Thus, Ti is not a 
recently discovered element, but has been relatively less employed than most other metals 
partly due to its cost of production, which involves reducing TiCL with Mg. Titanium has 
become an ever more significant engineering alloy in its own right both in the commercially 
pure and alloyed variety (Higgins, 1993).
Titanium is highly reactive and has a strong chemical affinity for all non-metals 
(excluding noble gases). For this reason remelting can only be conducted in vacuum and in a 
Ti-lined crucible. Despite being chemically reactive, Ti is also very highly corrosion resistant 
due to the instantaneous formation of a dense, protective oxide layer upon exposure to the 
atmosphere. Commercially pure Ti is a key material in the chemical plant where it will 
withstand attack by highly corrosive chemicals.
Titanium is a transition metal (group IVa). An allotropic element, the h.c.p. a-phase 
remains stable up to 882.5°C from which point the b.c.c. (3-phase will occur. The 
polymorphic change-point of this transition is influenced by alloying, in similar fashion to 
the a/y transformation in steels (Higgins, 1993). Hence, alloying additions with more 
solubility in the a-phase than in the [3-phase such as (interstitial) oxygen, nitrogen and carbon 
-  as well as (substitutional) Al stabilise a  to even higher temperatures. Elements that stabilise 
the (3-phase are mainly transition metals e.g. Fe, Cr and Mo.
There are three key groups of Ti alloys, which are the a, a  + |3 and [3 Ti alloys. There are 
also further subdivisions which include the near-a and near-(3 alloy types (Polmear, 1995). 
The a-alloy group contains different grades of alloys that are often referred to as commercial 
purity (CP) Ti alloys. For example, the fully-a Ti-5Al-2.5Sn alloy is single phase and has 
good thermal stability for creep resistance. Unfortunately, this a -T i alloy compromises on 
tensile strength due to its single phase nature, but is ductile in a wide range of temperatures 
(including room temperature) and provides good weldability.
The near-a Ti alloys offer properties to suit the requirements of producing compressor 
components for turbine engines. Room temperature tensile strength is improved over the
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fiilly-a Ti alloys and also have better creep resistance. The near-a  Ti alloy IMI 834 (Ti- 
5.8Al-4Sn-3.5Zr-0.7Nb-0.3Mo-0.35Si-0.6C) provides the best creep resistance at ~600°C 
of this group of alloys that are forged in the a  + (3 phase field. Addition of Zr offers solid 
solution strengthening whereas Mo is a (3-stabiliser allowing for improved forgability whilst 
retaining creep strength.
The a -  Ti alloy group has limitations due to ordering of the a-phase that can occur with 
increasing Al and interstitial concentration, which results in precipitation of the a 2 phase, 
which seriously affects ductility. The a  + (3 Ti alloys combine a -  and (3-phase 
microstructures. The Ti-6A1-4V or IMI 318 alloy offers better formability than the 
a -  Ti alloys as well as higher tensile strengths. Creep resistance does suffer though at 
temperatures above 400°C and IMI 318 is less weldable than a -  Ti alloys. Typical 
microstructures produced, through different annealing regimes, include basket weave a+  p 
and equiaxed a  + p structures. Annealing would normally take place around 700°C and be 
followed by furnace cooling, depending on the final microstructure required. The best 
example of an a +  p Ti alloy in a practical role is of the IMI 318 rotor blades in the low- 
pressure stage of an aeroengine.
With the right amount of p-stabilisers added to Ti and by quenching from above the 
p-transus, a fully—p Ti alloy can be produced. The acceptance of p -  Ti alloys increased with 
the emergence of their second generation set. This includes the Ti-10V-2Fe-3Al alloy with 
its good forgability, which has replaced steel in landing gear components of aircraft, with 
significant weight reductions.
The engineering limitations posed by conventional Ti alloys have prompted researchers 
to explore more avant-garde Ti- based materials. Attention has turned to the Ti-Al system 
with particular focus on two types of phase, both of which are classified as titanium 
aluminide phases. Upon addition of Al to Ti, the ordered a  phase, known as 0C2-T i3Al will 
arise. Further addition of Al to Ti will bring about the y-TiAl phase. The benefits of titanium 
aluminides are superior oxidation and creep resistance (to the desire of aero-engine makers) 
due to the very strong bonding within their ordered crystal structures. This restricts atomic 
diffusion and dislocation motion at high temperatures but is detrimental as it contributes to a 
lack of ambient temperature ductility. Impurity elements such as oxygen and hydrogen only
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exacerbate poor ductility and elevated temperature formability still remains problematic 
(Polmear, 1995).
1.2 Brief historical overview of the development of y  TiAl based alloys
Many years of immense research effort have been devoted to y-TiAl based alloys in the 
search for a new advanced aero engine alloy. The optimism surrounding this low-density 
intermetallic is down to its highly desirable properties. Titanium aluminides can be classified 
into two groups upon which most of the research has focused on. These two basic groups are 
single-phase (002 or y), and two-phase (ot2 + y) alloys. Initially, single-phase TiAl received the 
most attention, which eventually hit a dead end, as any further advances over poor 
mechanical properties proved elusive. The two-phase (a2 + y) alloys however displayed 
better prospects in terms of strength, ductility and toughness within certain TiAl alloy 
compositions (including ternary and higher order additions), establishing different 
generations of titanium aluminide alloys, as shown in Table 1.1.
Generation Example Effect of 2 nd,3 rd,4 th addition
1 Ti -  48AI -  1V -  0.3C Ductility (V), creep (C)
2 Ti -  47AI -  2(Cr,Mn) -  2Nb Ductility (Cr, Mn); strength & oxidation 
resistance (Nb).
3 Ti -  47AI- 2Cr -  (1-5)Nb -  (0-2)[Ta, 
Hf, Mo] -  0.5Si -  (0- 0.5)B
Processing (Ta, Hf, Mo); grain refinement (Si, 
B).
T i- (45-47)AI- 2Nb-2Mn+0.8 vol TiB2 Ductility (Mn), strength (Nb) grain refinement 
(TiB2)
Ti -  47AI -  1.6Fe -  1.4V -  2.4B Ductility (Fe, V), strength (Fe), 
grain refinement (B)
T i- 47AI- 3.5(Nb, Cr, Mn) -  0.8(B, Si) Ductility (Cr, Mn); strength & oxidation 
resistance (Nb), grain refinement (Si, B)
4 Ti-45AI-10Nb strength and oxidation resistance (Nb)
Ti-46AI-5Nb-1 W strength and oxidation resistance (Nb); grain 
refinement and creep (W)
Ti-45AI-5 N b-0.2 B-0. 2C strength and oxidation resistance (Nb); grain 
refinement and creep (B, C)
Table 1.1: Examples of 1st, 2nd, 3rd and 4th generation titanium aluminide alloys. Data from 
Kim, 1995; Kim and Dimiduk, 1997 and Appel and Wagner 2001.
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There are now a variety of TiAl based alloys all pertaining to different characteristics 
and properties. Microstructural development is a fundamental aspect of alloy development, 
upon which there are two discemable forms. Much of the effort has been concentrated on two 
types of TiAl microstructure: the duplex and lamellar structures, although emphasis has 
turned toward the (fully) lamellar structure owing to its advantageous creep resistance, 
strength and fracture toughness. Over the past thirty years or so, several advancements have 
taken place in TiAl alloys above the initial binary TiAl cast alloy first studied in the early 
1950’s. These changes have taken place with the exploration of new alloy compositions 
under different programs and the first one (between 1975 -  1983) offered Ti-48Al-lV-0.3C 
as the optimum first-generation wrought TiAl alloy (Kim, 1995).
Following this, the second breakthrough came during 1986 to 1991, with the arrival of 
Ti-48Al-2(Cr or Mn)-2Nb under a program which built on the knowledge gained from the 
previous one. This 2nd generation alloy had a duplex microstructure and yielded better 
strength/ductility as well as greater oxidation resistance. Major improvements in investment 
casting technology provided the opportunity to explore wider alloy compositions and resulted 
in another significant breakthrough in 1990, the first cast XD alloys. An example of such an 
alloy is Ti-(45 -  47)Al-2Mn-2Nb-(0.8 vol % TiB2), (Kim, 1995). One particular alloy of the 
third generation set is of particular relevance to this study, and closely resembles the Ti- 
47Al-3.5(Nb, Cr, Mn)-0.8(B, Si) composition in Table 1.1. This will become clearer in the 
later chapters.
1.2.1 The Ti-AI Phase Diagram
The Ti-AI system has been extensively studied. Amendments to the Ti-AI phase 
diagram have been made over the years, for the reason that not all were in absolute 
agreement. One key example is of the studies by Murray (1987) in figure 1.1, in which the 
a-phase range lies below a peritectoid reaction located around 1285°C. In effect, the a  phase 
is confined to solid phase equilibrium only. However, McCullough et al (1988) confirmed 
that the a  phase does in fact extend to the liquidus in equilibrium, figure 1.2. A 
comprehensive review of the Ti-AI phase equilibria undertaken by Flower and 
Christodoulou (1999) outlined the variety of Ti-AI phase diagrams from the early forms to 
the most recent restructured versions. The currently accepted standard full Ti-AI phase
6
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diagram is shown in figure 1.3, and is by Kattner and Boettinger (1992). Regarding TiAl 
based alloys, the most important part of the Ti-Al phase diagram lies between 25% and 55 at 
% Al. Figure 1.4 shows the region containing the phases a , a 2 and y. The shaded rectangle 
“C” illustrates the essential composition region of alloys with the a 2 and y intermetallic 
compounds.
The overall reactions contained in this region include:
• The peritectic reactions L + p a  and L + a  -» y.
• A eutectoid reaction a  -»  a 2 + y.
The most significant of these is the a  -> a 2 + y reaction, for it yields the y-TiAl phase, the 
most desirable for engineering applications. The two-phase ot2 + y field, lies between 35 and
48.5 at % Al and allows for a selection of microstructures according to the processing / heat 
treatment imposed.
Figure 1.1: Central portion of the Ti-Al phase diagram according to Murray (1987) 
where the a  phase is confined to solid phase equilibrium only.
7
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Figure 1.2: Central portion of the Ti-Al phase diagram according to McCullough et al 
(1988). The a-phase field extends right up to the liquid.
Figure 1.3: The full Ti-Al phase diagram revised by Kattner and Boettinger (1992)
At *% Al
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Ti-Al PHASE DIAGRAM
Figure 1.4 The key centre- region of the Ti-Al phase diagram. The rectangle C corresponds 
to the Ti-(47-48) Al composition (Kim & Dimiduk, 1994).
In the central section of the Ti-Al phase diagram (figure 1.4) the key phases, with their 
associated crystal structures shown in figure 1.5 and crystallographic data in Table 1.2, are as 
follows:
■ “High Temperature” a  -  Ti
The a-T i phase is commonly (unalloyed) pure Ti, but in this context Al is the alloying 
element and the a-phase stabiliser. This so-called high temperature phase is disordered 
and takes the form of a hexagonal A3 (h.c.p) structure (figure 1.5).
■ Ordered a 2 -  TisAl
The transformation a  -> a 2 takes place at around 1125°C (Appel and Wagner, 2001) and 
forms the a,2-T i3Al intermetallic, which assumes the DO19 structure (figure 1.5). The a 2 
phase has a homogeneity range stretching between 23 to 35 at % Al at room temperature, 
beyond which point the two-phase (cc2+y) region commences.
■ Gamma -  TiAl
The homogenous y phase region lies between 48.5 and 66 at % Al at room temperature 
and extends all the way to the liquidus. The y-TiAl phase is of an Llo tetragonal (face 
centred) structure (figure 1.5). Ordering in the y phase is maintained up to the melting 
temperature.
9
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TiA l phase Structure lattice pai
a
'ameter (nm)
c
p Titanium 
a Titanium 
a 2 T i3Al 
y TiAl
A2
A3
D 019
L l0
0.33120
0.29508
0.5782
0.4005
0.46885
0.4689
0.4070
Table 1.2: Crystallographic data for four phases in the Ti-AI system (Appel, 2001).
Figure 1.5: The crystal unit cells of h.c.p. A3 (Ti), DO19 (Ti3Al) and L l0 (TiAl).
(Djanarthany et al, 2001).
1.2.1.1 Two -  phase (a2 + y) region
The most defining feature of two-phase oc2 +y TiAl alloys, are their microstructures. 
At a composition of Ti-(45-49)Al different classifications of microstructure are attainable 
according to the heat treatment procedure being imposed. These are known as duplex, near y, 
nearly-lamellar and fully lamellar. Take the composition of Ti-(47-48)Al, as represented by 
the rectangle C in figure 1.4:
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■ To form a duplex micro structure, heat treatment at temperature TI is applied at which 
point the volume fractions of a  and y are equal (50/50).
■ Just above the eutectoid at Te, the near y micro structure is formed at T2, where the 
y volume fraction is higher than a.
■ The nearly-lamellar microstructure arises by heat treatment at temperature T3, just 
below the a  + y phase boundary.
■ A completely fully lamellar microstructure is obtained by heat treatment at temperature 
T4, slightly above the a  + y boundary.
1.2.2 Microstructures of TiAl Alloys
The different kinds of TiAl alloys are all unique in their microstructure (duplex, 
nearly-lamellar, fully lamellar) which has a profound effect on tensile and creep properties. 
Section 1.2.2.1 will discuss the duplex microstructure briefly, leaving Section 1.2.2.2 to 
concentrate on the fully lamellar microstructure, which is important to this study.
1.2.2.1 Duplex microstructure
With approximately equal volume fractions of a  and y and thermal treatment at TI 
(figure 1.4) fine grains of y phase and a 2 particles or plates grow simultaneously leading to 
the duplex TiAl structure. For example, a duplex microstructure produced from the heat 
treatment of a Ti-48.1A1 alloy for two hours at 1350°C by Beddoes et al (1997) comprised of 
80-85% gamma grains all smaller than 35pm, the remaining 15-20% being lamellar grains 
of 60pm in size. They demonstrated the inferior creep properties that the duplex structure 
possesses compared to a fully lamellar structure. The duplex structure is regarded as an all- 
rounder in terms of ductility, strength and creep. However, when creep is the overriding 
requirement then the duplex structure is less suitable than a fully lamellar structure.
Mechanics o f Duplex TiAl (Tensile Ductility)
The duplex TiAl structure has fulfilled some important property requirements in respect 
to ductility and tensile strength, but is generally limited in use up to 760°C due to its inferior 
creep properties (Kim, 1994). Tensile ductility is best achieved by the duplex microstructure, 
displaying a general value for fracture strain of 2-4%. One important consideration is the
11
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brittle-to-ductile transition (BDT) temperature, which determines tensile ductility at 
increasing temperatures in the region of 600-800°C. From room temperature up to the BDT 
temperature a minor increase in ductility occurs. Beyond the BDT an increasing temperature 
results in greater ductility. The BDT temperature is lower for duplex microstructures than for 
lamellar structures.
The increased ductility of duplex structures arises from the significantly increased actions 
of ordinary and twin dislocations at elevated temperatures above the BDT (Kim, 1994). At 
lower temperatures (i.e. room temperature), tensile strength is largely dependant on the 
cooling rate during processing of the TiAl alloy. For a duplex structure, faster cooling rates 
generate a 2 phase particles that are much finer and enhance tensile strength. During 
deformation of TiAl, grain size and ductility are reported to be inversely related (Kim, 1994). 
As grain size is reduced the tensile (%) elongation increases, consequentially providing the 
enhanced ductility of fine- grained duplex structures.
Fracture Toughness and Crack Growth
One important drawback is the poor resistance to crack growth in duplex TiAl (Kim, 
1994). Very limited plastic strain is witnessed prior to crack growth as well as a lack of 
resistance to propagation. The fully lamellar structure however does show ample plastic 
strain at the crack tip, and a greater restriction on crack propagation. The fully lamellar 
structure provides an abundance of lamellar interfaces that contributes to its fracture 
toughness. For a crack to propagate it has to bridge lamellar interfaces, leaving behind failure 
bridging ligaments, which requires an additional amount of work. For this reason, a fully 
lamellar structure exhibits superior resistance to crack growth than the duplex structure.
Ductility-Toughness Relationship
To elucidate the inverse relation between ductility and toughness requires the 
examination of the two different microstructures. The ductility of a duplex structure is 
essentially determined by the general yielding process, which increases for finer / smaller 
grains. For fully lamellar material the crack-tip plastic zone lies within a few lamellae. 
Therefore, the deformation activity is restricted to within those grains. Consequently, the 
fracture toughness-ductility characteristics for a fully lamellar material represent the intrinsic 
behaviour only and are not indicative of the bulk material.
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1.2.2.2 Lamellar microstructure
There are various routes to forming lamellar microstructure in TiAl by heat 
treatment and thermomechanical means. The initial stage would involve homogenisation of 
the as-cast ingot providing a recrystallised fine-grain structure. Subsequent hot working will 
allow for grain size control and lamellar spacing in the transformed lamellar structure. 
Various methods have been evaluated (Dimiduk et al, 1998) of which the main mode of 
lamellar structure formation, refined fully lamellar (RFL) processing will be described here. 
The formation of lamellar microstructures arises during cooling from the appropriate phase 
region, as discussed in Section 1.2.1.1, and the a-phase will undergo ordering (Section 
1.2.1) to form the a,2-phase. Simultaneously, y-phase platelets grow in either the a  or a 2 
phase with the crystallographic orientation relationship:
{11 l}y  (0001)oc2 and <110>y < 1 1 2 0 > a 2
Furthermore, six possible orientations of y variant exist in the lamellar structure, in turn 
providing three different kinds of y-y orientation relationships. These are often referred to as 
y-y intervariant lamellar boundaries (Inui et al, 1996) and the six different y variant 
orientations arise with rotations in 60° multiples, about the (111) lamellar plane. When two 
neighbouring y lamellae are oriented at 180° with respect to their 0 10]  directions, they create 
between them a coherent ordered twin boundary. If the two y lamellae are oriented at 120° 
rotations to each other they are considered to have 120°—rotational intervariant interfaces. 
Lastly, if the two y lamellae are oriented with 60° rotations to each other, they are regarded as 
having pseudo-twin intervariant interfaces. These three y-y intervariants are represented in 
figure 1 .6, with illustrations outlining the ordered twin (a), the 120°-rotational (b) and the 
pseudo-twin (c) types of y-y lamellar boundary.
Refined fully lamellar (RFL) material
The formation and control of lamellar spacing and grain size can be achieved by the 
following method. Figure 1.7 represents the RFL heat treatment scheme (Dimiduk et al, 
1998) containing the crucial control parameters that affect grain size and lamellar character.
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Figure 1.6: Top two triangles represent crystallographic relationships in TiAl and Ti3Al;
and illustrate (a) ordered twin; (b) 120°-rotational; and (c) pseudo-twin y-y 
intervariant lamellar boundary types. Open and closed circles denote Al and Ti 
atoms respectively, whereas grey circles represent alternating Al and Ti atom 
arrangements (Inui et al, 1996).
The regions Ti and T2 show homogenisation temperatures with their respective hold 
times Hi and H2. The lines Ri to R2 represent in order, the rates of heating to the 
homogenisation temperature T1 followed by T2, a grain-growth (super-a) temperature. From 
just above the Ta range where the desired lamellar structure is formed, cooling rate R3 is 
followed to Tc, the lamellar finishing temperature. From this point a rapid cooling rate R4 (air 
cooling) is applied to preclude any coarsening of the lamellae. Clearly, the stages R3 and R4 
are imperative in determining the final lamellar spacing.
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Figure 1.7: The refined fully lamellar heat treatment scheme showing heating ramps Rx; 
homogenisation temperatures Tx; and their respective hold times Hx 
(Dimiduk et al, 1998). For Te and Ta see figure 1.4.
Thermomechanically processed lamellar (TMPL) material
The TMPL process involves extrusion or forging at a temperature above the a -  transus 
of the TiAl alloy, to produce a fully lamellar material that can feature an aligned-grain 
microstructure, offering a considerably higher strength titanium aluminide.
1.2.3 Formation of TiAl I Ti3AI lamellar structure
An alloy heat treated in the single-phase a  region (T4 in figure 1.4) and subsequently 
cooled at the appropriate rate, will form a lamellar microstructure. There are two key phase 
transformation modes that lead to the a 2 +y lamellar structure (Denquin & Naka, 1996):
a = > a + y - > a 2 + y  
a  => a 2 -» a 2 + y
Controlled
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It is noted that no eutectoid reactions are taking place, but rather a precipitation of ordered y 
lamellae within the disordered a  or ordered a 2 phases. The resultant microstructures of either 
of the two paths above are so similar that the nucleation and growth process are deemed to be 
the same. The precise formation mechanisms of a 2 + y lamellar microstmctures have not 
been as extensively studied as other aspects of titanium aluminides.
Some studies (e.g. Singh and Howe, 1992; Denquin and Naka, 1996; Gao-Wu Qin et al, 
1998) suggest a ledge mechanism involving “partial dislocations” (figure 1.8). This requires 
a precursor for the nucleation of the y phase (f.c.t) and the establishment of major stacking 
faults provides this. Denquin and Naka (1996) proposed this initiation stage to relate to a 
dissociated perfect dislocation, generating two Shockley partial dislocations either side of a 
stacking fault:
Perfect dislocation
a/3 (1120) => a/3 (1010) + a/3 <0110>
two Shockley partial dislocations
This kind of stacking fault ensures the formation of f.c.c. type stacking sequence within 
the h.c.p. matrix, i.e. ABC or ACB. Continuing this configuration change gives rise to an
f.c.c. zone (ABCABC or ACBACB) from the original h.c.p. (ABABAB), consequently 
lowering the nucleation barrier of the y phase and providing the precursor for y lamellae 
formation. It is worth noting that as yet, no experimental evidence has been produced to 
validate this hypothesis and the occurrence of the metastable f.c.c. phase has not been 
entirely confirmed. The mechanism proposed by Denquin and Naka (1996) suggests that 
transformation takes place by a displacive mechanism, involving the propagation of partial 
dislocations, assisted by diffusion to “compensate for” composition differences (Pond et al, 
2000).
Shang et al (1999A; 1999B) and Pond et al (2000) adopted a different view, involving 
perfect interfacial dislocations rather than partial dislocations as described earlier. The steps 
on a 2/y interfaces observed by Shang et al (1999A; 1999B), appeared highly planar and were 
not characteristic of partial dislocations. Burgers vector measurements were found to 
correspond with perfect interfacial defects only, (possessing separate crystallographic regions 
of interface). They also suggested that y lamellae growth did not proceed by the propagation
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of partial dislocations and invoking diffusion for compositional changes, but by a discrete
diffusion-controlled defect migration mechanism (Pond et al, 2000).
1.2.3.1 Lamellar a 2/y Interfaces
One significant feature observed by a variety of studies is the incidence lamellar 
interface ledges in TiAl. Gao-Wu Qin et al (1998) outlined the ledge mechanism of a 2/y 
lamellae growth (figure 1.8). Du et al (2001) looked at a 2/y interface ledges in more detail 
using High Resolution TEM with emphasis on alloy segregation taking place at these ledges 
(see Section 1.6). Wang and Nieh (1998) also proposed terrace-ledge features in a 2/y 
interfaces in connection with creep processes (see Section 1.5.1).
Figure 1.8: Ledge-interface mechanism of a 2/y lamellae growth (Gao-Wu Qin et al, 1998). 
1.3 Processing of TiAl Alloys
The processing and heat treatment of TiAl alloys have a strong influence on the final 
microstructure and mechanical properties. When processing any alloy there is the need to 
compromise between various properties, particularly high / low temperature properties 
including ductility, strength and creep resistance. Two processing routes are used to make 
TiAl alloys, namely ingot metallurgy and powder metallurgy.
1.3.1 Ingot Metallurgy
Titanium aluminide ingots are prepared by arc melting a consumable electrode which 
itself consists of titanium, including holes along the electrode to incorporate any alloying 
additions. This negative electrode is then brought close to a non-contaminating positive 
electrode, which in many cases is the actual mould itself, which holds the molten alloy after
InterfaciaJ dislocations Thickening direction
Height of Ledge Sitbuait r  phase Ledge
Longitudinal 
growth direction
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initiating the arc (Djanarthany et al, 2001). This technique is hindered by the formation of 
cracks during solidification of the ingot and by segregation phenomena. Other undesirable 
features are the formation of dendrites and coarsened grains (100pm or greater). These 
problems can be overcome by employing plasma arc or skull melting to encourage improved 
homogeneity. Controlled cooling rates are followed to avoid major stress-cracking in a 
solidified ingot. The formation of dendrites in TiAl inevitably results in an inter-dendritic 
aluminium rich phase, giving rise to inhomogenity and alloy segregation. Textured 
micro structures are also common. Overall, the direct as-cast microstructure is unfavourable 
and follow-up procedures are required.
Thermomechanical processing and additional heat treatments are applied to eliminate the 
defects described above. Hot working such as isothermal forging at the eutectoid temperature 
(~1125°C) leads to the homogenisation of microstructures and would generally consist of two 
parts:
■ Primary stage
A TiAl alloy ingot is first wrought processed by means of isothermal forging under 
conditions of 1125-1250°C; plastic strain of 65-85% and strain rate of 10~3 to 1CT1 s-1. 
Alternatively, canned extrusion is employed for ingots 350 mm in diameter for optimum 
properties.
■ Secondary stage
The primary wrought ingot then undergoes thermomechanical processing to further refine its 
homogeneity and grain size. By annealing the primary wrought material at the mid-point of 
the two-phase a  + y region, the duplex microstructure is obtained.
1.3.2 Powder Metallurgy
The processing of intermetallic compounds is often hindered by the very properties 
that make them superior engineering alloys, i.e. high melting temperatures. Brittleness also 
presents a problem for the machining of titanium aluminides. For this reason, powder 
metallurgical routes such as reactive sintering are favoured for near net shape products. Pre­
alloyed powders are consolidated by aid of a liquid phase that is consumed in the process 
(Kim, 1994). Investigations by Godfrey et al (1997) looked at hot isostatic pressing of TiAl 
powders and confirmed some common notions about processing and the resultant material
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properties. They compared TiAl of various processing routes: cast and isothermally forged 
ingots, atomised and HIPped parts and canned-extrusion parts. Ultimately, TiAl extruded at 
1320°C and 1380°C with reductions of 6:1 and 8.5:1 respectively, provided the best overall 
properties, with tensile strengths approaching 770MPa.
1.4 Alloying of TiAl
Alongside microstructural development, alloying of titanium aluminides is a major factor 
in influencing strength and ductility of the material, and as we have seen has led to the 
different generations of TiAl alloys (Table 1.1). Across the composition range Ti-(43-55)Al 
the room temperature elongation varies, and is maximum at the composition Ti-48A1 or 
thereabouts. It has been suggested that the ductility of Ti-48A1 tied in with the volume ratio 
of a 2/ y, whereby 5-15% is the optimum range (Kim, 1994).
In the base composition Ti-(45-48)Al, ductility and strength of an a 2 +y alloy can be 
enhanced by 1-2 at. % additions of V, Cr or Mn. The mechanism by which these elements 
enhance ductility is believed to be from causing a phase boundary shift toward the Ti side, 
thereby reducing the aluminium content of the y phase. Interstitials such as nitrogen, carbon 
and particularly oxygen decrease ductility. It is thought that the a 2 phase “traps” interstitials 
and , reduces ductility in two-phase TiAl, even though in some instances nitrogen and 
carbon can be useful as will be discussed below. It is often the case that compromise between 
the detrimental and beneficial effects of particular alloying combinations has to be made. The 
alloying elements of TiAl alloys can be separated into three groups, Ai, A2 and A3 which are 
presented in the following general system (Djanarthany et al, 2001):
Ti -  (45-49)Al -  (l-3)A i -  (1-4)A2 -  (0.1-1)A3
A l group
The elements of this group influence ductility and effectively double the value at 
room temperature for additions of V, Cr or / and Mn. Each addition has an individual effect: 
the Cr reduces the tetragonality and volume of the Llo y phase unit cell. This weakens the 
directional Ti -  Al bonding providing greater ductility. The Mn has the effect of activating 
twins in the gamma phase to further improve ductility.
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A2 group
Common A2 group elements include Ta, W and Nb which have been investigated 
and have prompted many alloys to contain at least 2% Nb. The key benefits are improved 
oxidation resistance and strengthening. Substantial strengthening has been known to result 
from addition of 5-10% Nb in solid solution to two-phase TiAl (Appel & Wagner, 2001). It 
was observed that niobium occupies titanium sites exclusively to cause microstructural 
refinement through an increase in a 2/ y volume fraction ratio. The microstmcture of Ti- 
45Al-10Nb exhibited reduced lamellar spacing and higher a 2 lamellae density. One 
disadvantage however is that the above A2 group elements tend to reduce ductility of two- 
phase TiAl, which is why a reasonable balance of the kind of additions put in, and their 
quantities is essential.
A3 group
The group A3 elements include B, C, N, Si and P. Carbon and nitrogen in small 
amounts, improve creep resistance. Silicon is known to be an effective grain refiner, but to 
the detriment o f high temperature mechanical properties, leading to problems such as 
brittleness during thermomechanical processing. An increasingly popular route to achieving 
grain refinement is by the addition of boron, in particular to lamellar TiAl upon which the as- 
cast colony size can emerge as small as 50pm. “XD” processing involves the introduction of 
boron to react with titanium, creating TiB2 particles upon solidification (Hu, 2001).
The resultant lamellar colonies are more randomly oriented compared to the large 
columnar formations in the non grain-refined material. Sufficient ductility is still obtained for 
lamellar grain-refined alloys from as-cast TiAl. The A3 group provides the most scope for 
investigation into different kinds of alloying elements: Ni, Fe and B have been suggested to 
reduce melt viscosity (Kim and Dimiduk, 1994) and P apparently improves oxidation 
resistance significantly.
1.4.1 Boron addition in TiAl alloys
The popularity of B addition in y-TiAl has arisen due to its grain refining ability, with 
greater effectiveness than either Si or W (Godfrey and Loretto, 1996). There is widespread 
agreement 011 the specific quantity of boron that is required for it to act as an effective grain-
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size inoculant, and that this figure of ~ 0.5 at. % B corresponds to a switch off / switch on 
phenomenon for grain refinement in TiAl (Cheng, 2000).
Boron solubility levels in either the a 2 or y phases are inherently low: 0.003 at % B and 
0.011 at % B respectively (Larson et al 1997A; 1997B), which ultimately results in boride 
phases precipitated with quite particular morphologies. Boron is added to PM and HIPed 
TiAl or directly to a melt possibly as TiB2 particulates. TiB2 (also with A1Bi2) particulates 
have also been added to powder-compacts for plasma melting (Godfrey and Loretto, 1996).
The resultant boride formations are clearly visible under the light microscope and can be 
significantly large in size. Many studies have reported the occurrence of TiB or TiB2 
formations in various shapes and morphologies, these include string-like structures observed 
by Godfrey and Loretto (1996) in a Ti-47Al-2Cr-2Nb alloy with additions of boron 
between 0.1 and 1.0 at %. They observed what was described as string-like formations of 
TiB2, 10 to 200pm long and 1 to 5 pm wide.
Investigations performed by Hu (2001) reported identification of TiB and TiB2 phases in 
a range of alloy compositions made up of Ti-(44~50)A1-X (Cr, Nb, Mn, Ta, M o)-l (W or 
B). SEM studies showed boride distribution to be mainly along colony boundaries. However, 
it was not uncommon for fairly long borides to traverse the a 2/y lamellae. The Al content was 
found to be a controlling factor for boride formation. For alloys with more than 44 at % Al 
the chief boride to precipitate upon solidification was TiB2 and for alloys with less than 44 
Al, TiB precipitates tended to dominate. Figure 1.9 is the 650°C isotherm of the Al-B-Ti 
ternary system (Villars et al, 1995), and figures 1.10 and 1.11 are the Al-B (Elliott, 1986) 
and the Ti-B (Murray, 1986) phase diagrams respectively.
Hu (2001) emphasised that any deviation from the basic Ti-Al-B ternary system alters 
the Al concentration at which TiB forms. This referred to elements that acted as strong 
boride-formers, namely Nb, Ta and W, that were found to greatly assist stable TiB formation 
in alloys with Al up to 47 at %, in agreement with Larson et al (1997A). Table 1.3 outlines 
the two key boride phase structures in TiAl alloys. The observations of Hu (2001) revealed a 
tendency for boride-formers (Nb, Ta and W) to amass in the borides to a concentration equal 
to or greater than the nominal or base alloy amount. The Al, Cr and Mn were found to be in 
very minute quantity among the boride phases. In all, boride to base-alloy partition ratios 
were found to be in the range 3:1 to 12:1 (Ta and W) and 1.1:1 to 1.8:1 for Nb. Larson and
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Miller (1998) performed studies on a Ti-47Al-1.8(Cr, Nb)-0.15B alloy. In one boride 
particle the Ti at % content was reported to be ~ 40%, with ~ 55 at % B. The remainder 
comprised of mainly Cr, and so the particle was deemed to be a Cr-enriched boride phase.
A study undertaken by De Graef et al (1997) on a Ti-47Al-2Mo-0.2B alloy commented 
on centre line defects within boride flakes, which acted as nucleating points during 
solidification of the alloy. TEM observations showed that boride particles did not exhibit a 
significant orientation relationship with their surrounding matrix. Initially, large boride 
particles of size ~2.5-3.0jj.rn broke up into sub-micron size particles and were redistributed 
as a result of heat treatment and forging at temperatures above 1150°C, with greater effect at 
higher temperatures (up to 1400°C). Most boride particles tended toward the y phase, and 
were most prominent at grain or colony boundaries.
1.4.1.1 Effect of boron on the a2/y lamellar structure
Recent work has shown that B can affect the formation and development of the 
lamellar microstructure in contrasting manners. Krishnan et al (1997) witnessed a clear 
dissimilarity in the microstructures of a Ti-47Al-2Cr-2Nb-lMo with 0.0 or 0.2B alloy. 
After heat treatment at 1360°C, the non B-containing alloy exhibited a coarse grained and 
partly lamellar, partly massive-y microstructure with some retained p (coarse and fine) 
particles. The B-containing alloy however consisted of a fine-grained and fully lamellar 
microstracture, with relatively less p-phase remaining. They concluded that B had the 
overall effect of promoting y-lamellar morphology and growth, and of suppressing the 
massive (feathery) or y non-lamellar transformation. The conjecture here was that refinement 
of prior a  grain size brought about these effects and the upshot being y lamellae (lateral) 
growth rate increases via the promotion of y lamellar morphology, manifesting as a relatively 
coarse lamellar structure.
Maziasz et al (1997) studied a Ti-47A1-0.014B alloy that had been heat treated for 1 
hour at 1400°C. Evaluated against a reference Ti-47A1 alloy with identical heat treatment, 
average lamellar spacing of the B-containing alloy was markedly smaller than for the non B - 
containing alloy, in disagreement with the findings of Krishnan et al (1997).
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Al-B-Ti B 650 °C ( 9J3' K )
Figure 1.9: Al-B-Ti ternary phase isotherm at 650°C (Villars et al, 1995).
Figure 1.10 The Al-B phase diagram by Elliott (1986).
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Weight P ercen t Boron
Figure 1.11: The Ti-B phase diagram by Murray (1986).
Phase Structure Space G roup
Lattice  
Param eters (nm)
TiB B27 Pnma(62)
a=0.611
b=0.305
0=0.456
TiB2 C32
P6/mmm
(191)
a=0.303
c=0.323
Table 1.3: The two most important boride structures relating to y TiAl alloys (Hu, 2001;
De Graef et al, 1997).
The explanation from Maziasz et al (1997) as to why B had refined their lamellar structure, 
centred around the affects of B on y lamellar nucleation and growth. Boron seemingly raised 
the nucleation rate but retarded the lateral growth rate of y lamellae and with witness to many 
fragmented a 2 lamellae, Maziasz et al (1997) suggested that the abundance of quite fine y
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lamellae arose with their pinch-off growth into the a 2 phase (“pinch-off’ referring to atomic 
transfer / diffusion between the a 2 and y phases).
A recent deliberation by Zhang and Deevi (2002) of the above studies prompted them to 
present two key mechanisms relating to the role of B in either the coarsening or refinement of 
TiAl lamellar microstructures. The first mechanism, which is discussed here, involves the 
role of B in lamellar refinement. Zhang and Deevi (2002) proposed a mechanism that 
promotes lamellar refinement to operate by the movement of interface ledges and 
dislocations being impeded by B atoms in solution, possibly due to solute locking. This 
would in turn restrain the lateral coarsening rate of y lamellae. It is important to state that the 
very low solubility of B in TiAl alloys has already been established and this hypothesis was 
on the basis that B was in trace-amount (< -0.03 at %).
The same is to be said about B segregating'to both prior a  grain or a 2/y boundaries. It is 
not a recognised occurrence (Maziasz et al, 1997; Larson et al, 1997A and 1997B) and 
therefore not a fundamental prerequisite for this hypothesis. Zhang and Deevi (2002) found 
this hypothesis was concurrent with the results of Maziasz et al (1997) on their comparison 
of Ti-47A1-0.014B and binary Ti~47Al discussed previously. However, if B levels in TiAl 
alloys were raised to a point where B atoms were no longer in solution, the next mechanism 
proposed by Zhang and Deevi (2002) would apply.
The second mechanism concerns TiAl alloys with B > -  0.1 to 0.2 at % whereby boride 
precipitates form, in particular at prior a  grain boundaries to encourage heterogeneous 
nucleation of y lamellae. Based on observations of micro-scale TiB and TiB2 particles (De 
Graef et al, 1997; Krishnan et al, 1997; Kim and Dimiduk, 1997) Zhang and Deevi (2002) 
proposed that boride particles pinning a /a  grain boundaries would generate high-energy, 
incoherent interfaces between borides and the a  matrix. The borides possessed morphologies 
leading to non-equilibrium conditions of interface and strain energy (e.g. faceted plates with 
shaip edges). On the basis of heterogeneous nucleation theory, high-energy a/TiB2 
interfaces, would present themselves as nucleation sites having a significantly lower 
nucleation energy-barrier (AF*) than at the natural a /a  interfaces. With such a profusion of y 
nucleation sites, the undercooling required would in turn be lowered, meaning that lamellar 
transformation begins at a higher temperature in a shorter space of time. Figure 1.12
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represents the possible y nucleation scenario at a /a  boundaries in either the absence or with a 
TiB2 particle present.
y growth
a /a
boundary (i)
Figure 1.12: An ordinary a /a  boundary containing a y growth (i); enhanced y nucleation 
and growth aided by presence of boundary-situated TiB2 particles (ii).
But then, y lamellae width is very much dependent on the temperature at which they 
began to form, a higher temperature resulting in wider lamellae (Zhang et al, 1997). Their 
suggestion was that higher temperature of y nucleation was accompanied by a greater 
diffusivity, which increased the lateral broadening or coarsening of y lamellae.
Srivastava et al (1999) examined the thermal processing routes for obtaining fully 
lamellar microstructures in a Ti-48Al-2Cr-2Nb alloy and a Ti-48Al-2Cr-2Nb~lB alloy. 
They found that the B-containing alloy, although much more refined in overall grain size 
than the non-B equivalent, possessed much coarser lamellae: for example lamellar spacing 
after a cooling rate of 20°C min _1 from the solution heat treatment temperature of 1400°C, 
was 0.4 pm for the Ti~48Al-2Cr-2Nb alloy, against 1.1 pm for the Ti-48Al-2Cr-2Nb-lB 
alloy. Srivastava et al (1999) also discovered that the starting temperatures for lamellar 
formation (TLs) were 1290°C and 1340°C for the Ti-48Al~2Cr-2Nb and Ti-48Al-2Cr- 
2Nb-lB alloys, respectively, and moreover the finishing temperature was 1290°C for the 
B-containing alloy. As the a  -» a 2/y lamellar transformation is a nucleation and growth 
process, Srivastava et al (1999) suggested that B atoms in solution clogged up the favoured 
grain boundary nucleation sites of dislocations and faults (Cheng et al, 1999) causing solute- 
locking of these sites within which y lamellae would usually form. Therefore, the number of
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potential nucleation sites was reduced in the B-containing alloy, allowing for the 
successfully nucleated lamellae to grow even further than in the non-B containing alloy.
The investigations of Hu (2002) on Ti-48Al-2Cr-2Nb and Ti-48Al-2Cr-2Nb-lB 
alloys, in an almost identical study as that of Srivastava et al (1999), also agreed with their 
findings. The lamellar formation temperature of the B-containing alloy was higher, as indeed 
was the final lamellar spacing. Cooling rates from l°to 20°min'1 were applied from the 
solution treatment temperature of 1400°C, and Hu (2002) found that lamellar formation 
ended at ~1250°C in the Ti-48Al-2Cr-2Nb alloy and at ~1290°C in the Ti-48Al-2Cr-2Nb -  
IB alloy. Grain sizes were ~1500pm in the Ti-48Al-2Cr-2Nb alloy and ~110pm in the T i- 
48Al-2Cr-2Nb-lB alloy, however the lamellae of the B-containing alloy were significantly 
coarser than the non-boron alloy. Hu (2002) suggested that as lamellae are always thicker 
adjacent to colony / grain boundaries compared to the centre regions, and the prior a  grain 
sizes of B-containing alloys were considerably small, the cumulative effects of having small 
grains would mean that thicker y lamellae would tend to be observed.
To date, the evidence and explanations from various studies as to whether B acts to 
increase or reduce lamellar spacing in TiAl alloys, and moreover by what means or 
mechanisms, is inconsistent and not convincingly described or understood.
1.4.2 Silicon in TiAl Alloys
Much of the initial development in TiAl based alloys mainly achieved progress in 
terms of ductility enhancement, but lagged behind regarding creep resistance (Seo et al, 
1995). In response to this, research into additional alloying identified Si as a major provider 
of creep enhancement. Studies relating to Si-containing TiAl alloys will be briefly discussed 
in this section.
1.4.2.1 The Ti-AI-SI phase system
Recent research conducted on Ti-16Al-(1.0-3.5)Si and Ti-22Al-(1.0-3.5)Si alloys 
generated phase equilibria data yielding the phase diagram shown in figure 1.13 (de Farias 
Azevedo and Flower, 1999). Taking note of the (a  + a 2 + TisSis) field in this phase diagram, 
it was inferred that Si solubility is greater in a 2 than in a  and that the Si presence would act 
to reduce Al solubility in both of these phases. The premise therefore is that Si works as an
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a 2 stabiliser. A reassessment of the above work (De Farais Azevedo and Flower, 2000) was 
in good agreement and in addition provided a Ti-Si binary phase diagram section seen in 
figure 1.14. The key feature of this is the Ti5Si3 eutectoid product.
• The effect of further addition of Si on Ti-Al phase equilibria would be to decrease Al 
solubility in either the a  or a 2 phase, for equilibrium between a  + a 2 (reported at 700° 
and 1000°C).
• The effect of further addition of Al on Ti-Si phase equilibria would be to decrease Si 
solubility in the a 2 phase, for equilibrium between a 2 + Ti5Si3 (reported at 1100°C).
The silicide phases of titanium aluminide alloys in the context of experimental work 
undertaken in this thesis are discussed further in Section 5.4.
Figure 1.13: Ti-Al-Si isothermal sections between 700° and 900°C from de Farias Azevedo 
and Flower (1999).
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S i f
Figure 1.14: ThermoCalc-derived Ti-Si binary section presenting the TisSi3 eutectoid 
phase, from de Farias Azevedo and Flower (2000).
1.4.2.2 Property enhancement and silicon
A study of binary TiAl alloys with different Al content (44 ~ 51 at %) and of a 
ternary Ti-48Al-(0.5-3) Si alloy was conducted by Tsuyama et al (1992). The examination 
included hardness, fracture toughness and creep rupture tests, which revealed no change in 
hardness but a complete reduction of fracture toughness when Si content was between 0.5-3 
at %. However, creep rupture life was found to peak at 0.5 to 1 at % Si before diminishing 
beyond this level. Most significant of all was the fact that initially lamellar structures of the 
non-Si alloy and the 3 at % Si-containing alloy had disappeared, to be replaced by deformed 
fme-grain structures (dynamic recrystallisation effects during creep). The alloy with 0.5 at % 
Si still maintained a fully lamellar structure under the same creep conditions. Tsuyama et al 
(1992) concluded that a range of 0.5 ~ 1 at % Si added to TiAl is effective in creep property 
enhancement alongside the emergence of TisSi3 precipitate phases.
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Wang and Neih (1997) also reported on the addition of 0.3 at % Si to the Ti-47Al-2Cr- 
lNb-0.8Ta-0.2W-0.2B alloy. They observed that this alloy did not exhibit any silicide 
precipitation as had the alloy studied by Tsuyama et al (1992). Therefore it was supposed 
that the 0.3 at % Si added was not sufficient to facilitate the formation of Ti5Si3 particles. 
Furthermore, the alloy studied by Wang and Neih (1997) did not show the envisaged creep 
resistance enhancement as reported by other workers.
Seo et al (1995) identified several precipitate morphologies having the crystal structure of 
Ti5Si3 from experiments performed on a Ti-47Al-2Nb-lMn-0.5W-0.5Mo-0.2Si alloy. 
TEM analysis of creep-deformed lamellar microstructures confirmed clear dislocation 
interactions with various Ti5Si3 precipitate morphologies, the largest of which were found in 
equiaxed regions. Dislocation pile-ups at the largest precipitates (~2 pm) were considerable, 
leading Seo et al (1995) to conclude on a precipitation hardening effect of the silicide 
precipitates, providing excellent creep resistance.
Noda et al (1995) also commented on silicides in Ti-48Al-1.5Cr alloys with additions of 
0.26 and 0.65 at % Si, in comparison to a Si-free equivalent. They observed TisSi3 
precipitates to nucleate at a 2/y interfaces and grow (with preference) into the a 2 phase. 
Dislocations were seen to bow and be pinned by silicide precipitates within the y lamellae 
giving rise to enhanced creep resistance at 850°C with increased addition of Si.
Es-Souini et al (1995) studied two alloys, Ti-47A l-lCr-lM n-l.5Nb-0.2Si designated 
alloy 1 and having fine interlamellar spacing, and Ti-46Al-lMn-2Nb-0.5Si (alloy 2) which 
exhibited very-fine interlamellar spacing. A key feature of these alloys was the emergence of 
silicide precipitates at lamellar boundaries appearing fine and elongated at about 0.25pm 
long. In common with Seo et al (1995) and Noda et al (1995) dislocations were seen to 
interact with silicide precipitates, bypassing them according to the Orowan mechanism.
It was also suggested that significant silicide precipitation may have occurred in alloy 2 
during creep. This was believed to account for the higher creep resistance of alloy 2 over 
alloy 1, which did not display further precipitation under the same creep conditions. Es- 
Souini et al (1995) also pointed out that their analyses of compressive strength demonstrated 
how smaller colony sizes along with finer interlamellar spacing improved this particular 
property, and were therefore unable to verify by how much or if at all Si or silicides played a 
role in this as well.
Chapter 1: Literature review
1.4.3 Development and progress in gamma titanium aluminide
In Sections 1.2 and 1.3 the development of the XD alloys was mentioned. A 
fundamental feature of this alloy is the incorporation of boron at 0.8 vol % in the shape of 
TiB2 particulates dispersed in an often fully lamellar matrix. The major function of the TiB2 
additions is to refine the cast microstructure resulting in reduced grain sizes and improved 
ductility. Subsequent TiAl alloy variants made use of boron as a grain-size inoculant and 
include the Ti-47Al-1.6Fe-1.4V-2.4B and Ti-47Al-3.5(Nb, Cr, Mn)-0.8(B, Si) alloys. It is 
the latter of these, which relates to the centrepiece of this study and our discussion will now 
focus on this alloy.
1.4.3.1 The y-TAB alloys
The improvement of the ductility and strength in y-TiAl alloys is known to depend 
strongly on grain size and with this in mind, developments were made and multi-component 
y-TiAl alloys containing silicon and boron have emerged with superior ductility and also 
microstructural homogeneity (Wagner et al, 1995).
The study of Wagner et al (1995) focused on the composition Ti-47Al-3.5(Mn, Cr, 
Nb)-0.8(B, Si) then labelled y-TAB, and in an initially hot isostatically-pressed (HIP) form 
conducted at 1180°C, with follow-up heat treatments (HT) peaking at 1300°C and 1400°C 
with various step-cooling levels. The initial HIPed microstructure displayed a predominantly 
equiaxed structure of y-grains alongside globular three phase a  + y regions with partial 
amounts of (3 present along colony boundaries. A most significant feature was the 
emergence of a network of “lacey” boride particles appearing to be distributed 
homogeneously. The 1300°C HT had no significant effect on the overall microstmcture of 
this alloy whereas the 1400°C HT yielded a fully lamellar microstmcture. Other studies have 
investigated alloys that lie in the y-TAB range, with subtle variations in the precise 
compositions, such as Ti-47Al-3.7(Cr, Mn, Nb, Si)-0.5B or Ti-47Al-4(Mn, Cr, Nb, Si, B).
1.4.3.2 Heat treatment of y-TAB
Various heat treatment processes have been investigated for certain y-TAB alloys, 
the outcomes of which were changes in microstructural characteristics and mechanical
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properties. Table 1.4 summarises a set of alloys, which were subjected to different heat 
treatment (and subsequent cooling) regimes.
COMPOSITION 
Ti-47AI +
Pre -  HT 
Condition
HT Dwell 
T° / Time
Cooling route & 
microstructure
Reference
3.7 (Cr, Nb, Mn, Si) +  
0.5at%B
Alloy (0)
HIP 4 h /1180°C/ 
140MPa; hot 
extrusion @ 1250°C 
Ingot start material
1380°C /3 0  min
down to 900°C /  6h 
then furnace cooled
Not Fully Lamellar 
colonies ~ 150pm
Oehring et al 
1999
4 (Nb Mn Cr Si B) 
Alloy (K)
HIP 21V 1300°C/ 
200MPa 
powder, then sheet
1430°C / 30 min Furnace cooled
Nearly Lamellar 
colonies -  100pm
Kestler et al 
1999
4 (Mn Cr Nb Si B)
Alloy (S)
HIP (not stated) 
powder metallurgy 
only
1360°C/20 min Air cooled
Fully Lamellar 
Colonies ~ 15pm
Salishchev et al 
1999
Table 1.4: A comparison of three y-TAB alloy HT routines with dwell (annealing) 
temperatures ranging from 1360°C to 1430°C.
All the HT processes listed in Table 1.4 resulted in either a nearly or frilly lamellar 
microstrucure. The y-TAB alloy denoted alloy (O) in Table 1.4 consisted of a predominantly 
lamellar structure, but for a fairly substantial level of y-grains in between the lamellar 
colonies (Oehring et al 1999). The average colony size in (O) was ~ 150pm. Alloy (K) was 
powder HIPped and then sheet-fabricated and exhibited a nearly-lamellar micro structure with 
average colony size ~100pm with a small degree of globular y grains (Kestler et al 1999). It 
is worth noting that Oehring et al (1999; 2001) reported the a-transus temperature of the 
y-TAB alloy (O) to be 1360°C. This was determined by differential scanning calorimetry 
using a 20 K/min heating rate.
Oehring et al (1999) chose an annealing temperature of 1380°C just above the declared 
a-transus, whereas Kestler et al (1999) opted for annealing at a considerably higher 
temperature of 1430°C in what they stated to be the DFL heat-treatment®. Obseiving that 
both alloys (O) and (K) were found not to be fully lamellar subsequent to HT (above the 
proposed a-transus) by their respective authors, a contrasting outcome was reported by
® DFL standing for “designed-fully-lamellar” .
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Salishchev et al (1999). Their annealing temperature at 1360°C for 20min (as apposed to 
30min in the previous two) apparently provided a fully-lamellar microstructure in alloy (S). 
However, this was the only air-cooled alloy of the three, which may be the attributing factor: 
a point that could also be reinforced by the fact that colony size was as low as 15pm.
1.5 Creep of TiAl
A metal subjected to constant stress at an elevated temperature will undergo creep 
deformation, whereby significant changes to the microstructure take place. Creep is a crucial 
factor in any high temperature alloy, especially for critical applications such as turbine 
blades. Because creep is associated with stress applied at high temperature, these two factors 
are a major influence and contribute to the analysis of steady state or minimum creep rate e 
as provided by the Dorn equation (Appel et al, 2000).
s" ~  ~\
e = A a an e x p
v  _y
Equation 1.1
where <ra is the applied stress, Qc is the activation energy for creep and A is a material 
constant related to microstructure. In TiAl alloys the stress exponent n can range between 3 
and 8. Activation energy Qc has been found to range between 190 and 700 kJ/mol, suggesting 
that numerous micromechanisms are taking place during creep. At low stresses (aa < 150 
MPa) and temperatures below 750 °C, creep of fully lamellar TiAl is known to be driven by 
climb of ordinary dislocations (Appel et al, 2000).
1.5.1 Creep in relation to lamellar TiAl alloys
It is widely acknowledged that fully lamellar TiAl possesses the best creep properties 
by displaying the lowest strain rates under given creep conditions. During creep testing of 
lamellar structured material, the key parameters taken into consideration are:
■ Lamellar colony size
■ Lamellae thickness
RT
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■ Volume fraction of a 2
■ Nature of lamellar interfaces (y/y or a 2/y).
Crofts et al (1996) had shown that heat treatment of TiAl alloys did not significantly 
affect colony size or amount of a 2 present, but greatly influenced the lamellae thickness. 
Moreover, their creep tests did not show a linear relationship between lamellar spacing 
(thickness) and creep rate. In their study, Crofts et al were not able to vary the lamellar 
thickness independently, i.e. other parameters were altered by heat treatment. A later study 
by Parthasarathy et al (1998) revealed that by adjusting just the one variable, lamellar 
spacing, a direct relation could be established. They found that a decrease in lamellar spacing 
offered a reduction of both primary creep strain and secondary (steady-state) creep.
Interfacial characteristics, such as ledge formations between TiAl lamellae, are thought to 
be a fundamental feature in the overall mechanism of creep. Wang and Nieh (1998) proposed 
terrace-ledge-kink features of a 2/y lamellae to be the means by which y propagates into a 2 
via diffusional processes, thus leading to creep deformation of TiAl.
1.5.2 Creep in relation to thermal ageing in lamellar TiAl alloys
The interfaces of lamellar TiAl are regarded as being highly influential in respect to 
creep resistance. They may act as barriers to prevent dislocation glide. Long-term crept 
samples have exhibited some notable changes (Appel et al, 2000) in particular when tall 
ledges (~ lOnm) of one y lamella encroached into a neighbouring lamella.
Chen et al (2002) investigated the consequences of ageing a fully lamellar TL47A1- 
2Nb-lMn-0.5W-0.5Mo-0.2Si alloy, and found that precipitates were formed mainly 
alongside a 2/y lamellar interfaces, or inside a 2 lamellae. The majority of the a 2/y interface 
precipitates were W or Mo rich p-phase particles of thin plate nature, whereas silicide 
particles precipitated at y/y interfaces as well as in the a 2 lamellae region. It was suggested 
that these precipitates contributed to an increase in tensile strength and primary creep 
resistance, by means of p-precipitates restricting the movement of dislocations through the 
lamellar structure. Despite enhancing the immediate (primary) creep resistance, secondary 
and overall creep life was found to decline as a result of ageing treatment. This was attributed 
to the ageing that allowed for easier a 2 decomposition during subsequent creep testing.
34
Chapter 1: Literature review
Wang et al (2002) studied the creep properties of five different Ti-47A1 alloys containing 
Cr, Nb, Ta, W or Si. Grain sizes were in the range of 65 to 80pm with fine lamellar spacings 
(0.1 -  0.16pm). They showed that at a given lamellar spacing, the variation of some alloy 
elements (Nb, Ta and W) across their group of five compositions had little effect on creep. 
However, an addition of 0.3 at % Si to the last of these five alloys did decrease creep 
resistance. More crucial was the specific process of creep and how these alloy elements 
interacted with such mechanisms. TEM studies showed that the alloying elements Cr, Nb, Ta 
and W, had segregated into ledges during creep.
Wang and Nieh (1998) suggested that creep may occur by the ledge mechanism. The 
overall process involves the glide and climb of dislocations by vacancy diffusion or kinlc 
migration. Therefore, it is necessary to restrain these mechanisms in order to prevent creep. 
This can occur via alloying element (Cr, Nb, Ta, W) segregation to interfaces and ledges. 
The above elements have large atoms relative to Al, and create a linear misfit in the atomic 
plane that restricts creep. Si on the other hand is a smaller atom when occupying an Al site, 
and may even assist climb and the creep process. Wang and Nieh implied that Si only acted 
to inhibit creep when in the form of an interface precipitate (hexagonal Ti5Si3), as observed 
by Noda et al (1995).
1.6 Alloying element segregation and partitioning in TiAl Alloys
With the numerous alloying additions that may be added to titanium aluminides, the 
distribution of the elements within the material becomes of concern. Alloying element 
partitioning in TiAl alloys has not been as thoroughly or as comprehensively pursued as the 
other aspects i.e. microstructural / mechanical properties or processing. Some studies have 
been conducted on partitioning and segregation in mainly third generation TiAl alloys, and 
the work documented thus far has revealed:
■ b.c.c. transition metal elements, added to improve high temperature strength and creep 
properties, tend to segregate to either a 2/y or y/y interfaces (Du et al, 2001) and include 
the elements Nb, Cr, Ta and W.
■ Non-metallic elements such as Si also segregate to a 2/yand y/y phase boundaries. 
However, B behaves quite differently in that no appreciable segregation to lamellar
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boundaries has been found (Larson and Miller, 1998). Instead, precipitates in the form of 
TiB and TiB2 are observed.
■ Partitioning and segregation of alloying additions are quite strongly a function of any 
heat treatment that may be applied. Thermal ageing brings about the redistribution of 
atoms between the lamellar phases (a2 and y).
The most advanced method for analysing partitioning behaviour has been through the use 
of atom probe field ion microscopy (AP-FIM). Analysis of a T i-47A l-l.8Cr-l.8N b-0.2W - 
0.15B alloy by Miller et al (1997) revealed partitioning of Nb and Cr after stress-relieving 
treatment (2 hours at 900°C). The a 2 phase was found to contain more Cr (2.9 at %) than the 
y phase (1.6 at %). Conversely, Nb only slightly tended toward the y phase (1.9 at %) 
compared to the a 2 phase (1.6 at %). Their studies of a 2/y and y/y lamellar interfaces 
uncovered alloying element enrichment taking place at these two kinds of interface, in 
particular by Cr and W. This occurrence was further investigated by Larson and Miller 
(1998), comparing the stress-relieved and thermally aged conditions of the same material.
Their work exposed a reversed distribution of some alloying additions for the stress- 
relieved and thermally aged conditions. The initial stress-relieved material exhibited a 
generous accumulation of Cr and W at a 2/y and y/y interface boundaries. Niobium appeared 
to be the only element to remain more or less consistent in its distribution across the lamellar 
regions. As a result of ageing at 800°C for 720 hours, the Cr enrichment at the a 2/y boundary 
repositioned itself to within the y phase region, but still near to the interface. This resulted in 
an overall depletion of Cr in the a 2 phase. Tungsten also became concentrated at the y phase 
and depleted in the a 2 phase and its interface boundaries, reversing the initial partitioning 
state prior to thermal ageing.
The relationship between segregation and creep properties was investigated by Du et al 
(2001) on Ti-47A1 containing additions of Cr, Nb, Ta, W, B and Si by means of creep testing 
under constant load of 276MPa at 815°C. Stress-relieved samples (2 hours at 900°C) were 
made for comparison. High Resolution Electron Microscopy (HREM) images of a 2/y 
interfaces displayed ledge structures of a number of atom layers for both stress-relieved and
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crept material. Segregation of the alloying elements Si, Cr, Ta and W at the crept sample a 2/y 
interfaces and ledges was clearly evident, whereas the stress-relieved samples showed no 
considerable segregation at these points. Thus, it was suggested that segregation of atoms to 
the interface was caused by the stress concentrations and lattice distortion during creep. 
Furthermore, it is thought that ledge and interfacial segregation consequently raised creep 
resistance by the following mechanism.
Partial dislocations originating at interface ledges move during creep, either by climb or 
glide. Alloy segregation to these regions reduces creep by inducing a drag effect, and also 
restricts ordinary dislocations from gliding at a 2/y interfaces, hi short, it has been ascertained 
that the majority of alloying additions partition initially to the a 2 phase e.g. Cr and Mo, but 
then as a result of thermal ageing, diffuse or migrate preferentially to y regions. Inter-phase 
boundaries (a2/y and y/y) are also preferred sites for alloying element segregation.
1.7 Thermal stability of lamellar microstructures
When a lamellar microstmcture exists in a TiAl alloy, any subsequent exposure to high 
temperatures could significantly affect the lamellar state and ultimately lead to processes that 
eliminate it.
The issue of microstructural stability (or instability) in lamellar TiAl alloys has been 
documented to a limited extent but the general mechanisms, falling under the phrase of 
morphological evolution, are established and will be described here. The term morphological 
evolution refers to a change in morphology of a microstmcture as it seeks to lower its free 
energy via the reduction of surface free energy (Whiting, 1994).
In a system where the morphology differs from that of the equilibrium state (e.g. lamellar 
structure), morphological instability will be associated with this higher energy structure, 
which tends toward a more equilibrium structure. The driving force relates to both the 
surface free energy and morphology of a lamella and can be expressed by the difference in 
chemical potential between curved and flat interfaces. Equation 1.2 gives the driving force 
for morphological change, where p represents the chemical potential of a curved interface, po 
is the chemical potential of a flat interface, y is the interfacial free energy, Cl is the atomic 
volume and k  is the interfacial curvature.
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p, = p0 + yQic
Equation 1.2
An apparently perfect lamellar structure is deemed relatively stable whereby nos 
mechanisms exist for morphological change to take place. A real lamellar structure however 
will contain a host of imperfections or defects, which act to raise the instability by providing 
sites o f chemical potential difference where mass transfer is allowed. Several mechanisms 
have been identified relating to the change in lamellar plates1 to spheroidal morphologies 
under imposed conditions. Coarsening of lamellar plates takes place due to the intrinsic 
defects in lamellae. The principal models of coarsening are discussed below.
1.7.1 (Direct) Cylinderisation
This mechanism arises due to the curvature difference between a lamella plate edge 
and its adjacent flat surface ' (Malzahn-Kampe et al, 1989). Mass transfer from the edge 
to flat surface is encouraged and edge recession ensues. The continual mass transfer 
generates ridges, which form and grow until a critical point is reached whereby a cylinder 
takes shape. Figure 1.15 depicts the mechanism in three stages.
ridge formation and growth cylinderisation of plate
Figure. 1.15: Direct cylinderisation of a plate detailing (i) mass transport from edges to flat 
surface (ii) ridge formation / growth and (iii) cylinderisation.
Vui alternative term “plate”, referring to single lamella is used.
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1.7.2 Edge Spheroidisation
Similar in mechanism to direct cylinderisation, mass transport from edges to interfaces 
results in multiple perturbations spaced regularly along the interface length. Growth of the 
perturbations continues leading to spheroidal formations, which then disconnect from the 
main plate as a row ofspheres (Malzahn-Kampe et al, 1989). It is worth noting that edge 
spheroidisation is regarded as the least likely mechanism of lamellar morphological 
evolution, due to the intricacy of such fine multiple perturbations being formed.
(i) Edge recession 
initiates - mass transport 
from edges to broad 
interface creates ridges
(ii) Edge recession 
continues and ridges 
become more 
prominent.
(iii) ridges develop 
into perturbations 
which continue to 
narrow at the neck
(iv) perturbations sever 
o ff  from the main plate 
leaving individual 
spheroids.
9 0 0 9 ° ° 9  °  9O  O o
o o ?S~ o  o  ( S o  ( S
o
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Figure 1.6: The edge spheroidisation mechanism depicted in four stages of edge recession 
by mass transport (i); ridge formation along the plate length (ii); formation of 
perturbations (iii) and spheroidal detachment (iv).
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1.7.3 Boundary Splitting
The precursors for boundary splitting are internal sub-boundaries (in this case within a
lamellae) which provide sites of excess energy i.e. surface free energy. A groove will
develop at such a boundary intersection during high temperature treatments by diffusion.
This establishes surface tensions at the interphase interface (ys), along the sub-boundary (yt>)
and with local equilibrium at the triple-point junction. Figure 1.17 illustrates the boundary.
Grain 3
Figure 1.17: Illustration of boundary groove formation including surface tensions with triple­
point where ys and yb intersect the groove, (j) is the angle between them.
When an interphase curvature as such is present, an accompanying chemical potential 
gradient allows for mass transfer out of the groove. This upsets the local equilibrium, which 
is only regained by eliminating more sub-boundary, consequently deepening the groove 
(Nakagawa and Weatherly, 1972). Eventually the above and under-side grooves converge 
and result in end terminations (between grains 1 and 2 in figure 1.17).
1.7.4 Termination Migration
A chemical potential gradient is generated at a plate termination tip due to its 
curvature difference with the flat interface (Sharma et al, 2000). Atom migration is 
encouraged from the tip to the flat interface. At the expense of plate length, the plate grows 
in girth as the termination ends are purged away, resulting in stubby / coarsened plates. 
Figure 1.18 illustrates termination (TM).
1.7.5 Discontinuous Coarsening
The discontinuous coarsening (DC) mechanism is quite distinct from those described 
in Sections 1.7.1 to 1.7.4 as DC involves migration on a larger scale i.e. the movement of
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entire grain boundaries. The boundary of one grain may travel into a neighbouring grain, 
leaving coarsened lamellae with increased lamellar spacing in its wake. The precursor sites 
for DC may be a lamellar colony boundary driven by (i) capillary forces or (ii) chemical 
differences due to non-equilibrium volume fractions of the different phases (Sharma et al,
2000). Figure 1.18 illustrates termination migration (TM), which is referred to as a 
continuous coarsening mechanism, in comparison against discontinuous coarsening (DC).
1.7.6 Ostwald Ripening
After a certain period, coarsening o f plates may proceed via Ostwald ripening. A great 
number o f interfaces will have high interfacial energy. The system will tend to reduce this 
excess energy by reducing the total number o f small plates by the growth of larger plates 
(Haasen, 1986). Hence, large plates “ripen” at the expense of smaller plates. Figure 1.19 is a 
schematic of Ostwald Ripening.
Diffusion through matrix
Figure 1.19: Ostwald Ripening: Growth of large plates at the expense of small plates.
1.8 Thermal Exposure and Microstructure Stability in TiAl Based Alloys
As discussed previously, microstructural and morphological stability of TiAl alloys is a 
firm requirement for their application at elevated temperatures. In the previous section, 
various potential mechanisms of microstructural or morphological changes to an initially 
lamellar microstructure were put forward as being likely to operate if a material such as a 
TiAl alloy, was subjected to elevated temperatures for a prolonged period. The driving force 
for such morphological change comes about partly from the reduction in surface area or 
interfacial energy, as the total boundary volume between phases diminish (Whiting, 1994) 
but also from the reduction in chemical free energy due to the alloy’s off-equilibrium 
compositions (Qin et al, 2001).
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TM
DC
Figure 1.18: Illustrating termination migration (TM); and discontinuous coarsening (DC) 
(Bartholomeusz and Wert, 1994).
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One historically important piece of work by Livingston and Cahn (1974), looked at the 
thermal stability of aligned eutectoid alloys Co-Si, Cu-In and Ni-In. Continuous coarsening 
mechanisms were observed, alongside significant discontinuous coarsening involving grain- 
boundary migration. The extent to which both types of coarsening were seen to progress 
depended on temperature and initial lamellar spacings,i.e. increased coarsening at higher 
temperatures and finer interlamellar spacings. The work of Livingston and Cahn (1974) set 
the foundations for theories into lamellar morphological evolution.
1.8.1 Microstructural Stability in Binary TiAl Alloys
Bartholomeusz and Wert (1994) studied the microstructural evolution taking place in 
lamellar Ti-44A1 alloys subjected to thermal exposure. Annealing at 1000°C resulted in 
coarse and globular microstructures. The chief mechanism of lamellar coarsening changed 
during annealing. At comparatively short annealing times of 166 and 667 hours, lamellar 
structures appeared largely unchanged apart from a general thickening of lamellae and no 
apparent signs of cylinderisation, edge spheroidisation or boundary splitting had emerged. 
Indications were given that the principal mechanism of coarsening at short annealing times 
was termination migration. At long annealing times of 1960 and 2710 hours the lamellar 
microstructure evolved into a more globular formation. It was proposed that as the lamellae 
aspect ratio falls below a critical level, due to coarsening by termination migration, 
cylinderisation and Ostwald ripening take over for further coarsening of the lamellar 
structure.
Solubility differences arise at a curved lamellae termination, which in turn generate 
concentration gradients, driving interdiffusion between the termination and an adjacent 
planar interface. Bartholomeusz and Wert (1994) used Equation 1.3, concerning the 
coarsening time for lamellae and the changes in Sv, the interfacial surface area-to-volume 
ratio (Sv0 is for time t = 0).
sv/sv0=-m V*
Equation 1.3
In Equation 1.3, N is the initial number of lamellar terminations per unit area, V is the 
velocity of termination recession and X represents the true centre-to-centre lamellae spacing.
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Figure 1.20 shows the relationship between Sv/Svo and time of annealing. The rate of 
coarsening relates to the rate of change of Sv/Svo, and is seen to decrease as annealing time 
increases. N7V from Equation 1.3 should equate to the gradient of the lines in figure 1.20. 
The change in slope of figure 1.20 was considered to be in accordance with diffusion-driven 
coarsening where the system attempts to lower its total surface free energy, moreover to 
reduce Sv, and hence as creep proceeds further its specific rate will slow down.
Figure 1.20: Change in Sv/Svo with annealing time (Bartholomeusz and Wert 1994).
As discussed earlier, Sharma et al (2000) concisely documented potential mechanisms or 
modes of morphological evolution that may take place in a lamellar microstructure. They 
studied these mechanisms in relation to the thermal ageing treatment of Ti-47A1 at three 
different temperatures: 800, 1000 and 1200°C for a single time period of 168 hours. The Ti— 
47A1 alloy was made fully lamellar by a solution heat treatment at 1400°C for 1 hour 
followed by furnace cooling. Measurements of interlamellar spacing (A,) were made before 
and after thermal ageing, and it was found that the Ti-47A1 alloy had a starting X of 0.52pm. 
After 168 hours at 800, 1000 and 1200°C the interlamellar spacings (X) were found to be 
0.53, 1.5 and 4.76pm respectively.
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Sharma et al (2000) commented on the dominant mechanisms at different stages of their 
thermal ageing for 168 hours: termination migration was the chief mechanism at all 
temperature levels, until the aspect ratio of degenerated lamellae fell, and cylinderisation 
took over as the dominant mechanism. However, the mass transport related to boundary 
splitting was very low, but still occurred extensively due to the high number of internal faults 
/ boundaries within the lamellae. Edge spehroidisation as a valid coarsening mechanism in 
their Ti-47 Al alloy, was stated to be insignificant and not a recognised occurrence.
The rate of mass transport was suggested to be the influencing factor in defining which 
mechanism of coarsening would prevail, as coarsening depends on the transfer of mass for 
the elimination of interfacial area within a lamellar microstructure. Discontinuous coarsening 
was also seen to be significant because of these factors, however it depended on the 
temperature at which ageing was conducted. Noting that the starting interlamellar spacings 
were quite fine in their Ti-47 Al alloy (0.52pm) it is plausible that the rate of discontinuous 
coarsening would have been quite higher, than that for any of the continuous coarsening 
mechanisms at certain stages of thermal ageing (Sharma et al, 2000).
Somewhat significant to the studies described later on in this thesis, the Ti-40A1 alloy, 
among other compositions was investigated by Qin et al (1999), in an experiment involving 
an initial a-solution heat treatment at 1200°C followed by a water-quench to room 
temperature. This provided a a 2/y lamellar microstructure, and isothermal ageing at 1000°C 
was conducted for various time intervals at 0.5, 5, 10 and 100 hours, after which the resultant 
microstractures were examined. The major mechanism of this study in terms of 
morphological evolution after thermal ageing was discontinuous coarsening. Qin et al (1999) 
witnessed a rapid or considerable amount of discontinuous coarsening in the Ti-42A1 and 
Ti-45A1 alloys (figure 1.21). However, the Ti-40A1 alloy was stated to have high stability 
with virtually no discontinuous coarsening observed in their experiments.
This was said to have tied in with some earlier measurements made on the lamellar 
spacings (A,) that were found to be 0.05pm and 0.08 pm for the Ti-45A1 and Ti-42A1 alloys 
respectively. The starting value of X in the Ti-40A1 alloy was 0.22pm, and was consistent 
with an earlier investigation by Mitao and Bendersky (1995), whereby the higher Al-content 
TiAl alloys provided easier formation of an a 2/y lamellar microstructure, with finer X 
spacings. Qin et al (1999) concluded that, the driving force for discontinuous coarsening was
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greater in the Ti-42A1 and Ti-45A1 alloys, as more a 2/y lamellar interface was eliminated in 
an alloy with finer X spacing, than in a coarser alloy, such as the Ti-40A1 alloy.
Figure 1.21: Discontinuous coarsening reaction at colony boundaries after 10 hrs at 1000°C  
thermal ageing. Light micrographs o f  the Ti-40A1 (a); T i-42A 1 (b) and 
Ti-45A1 (c) alloys from the work o f  Qin et a l  (1999).
Ageing o f  a fully lamellar Ti-43A1 alloy was conducted at a range o f  temperatures 
between 600 and 1100°C by Shong and Kim (1989). However the duration was limited to 
just one hour, and in this time only discontinuous coarsening was observed at ageing 
temperatures greater than 900°C. It was stated that this was the critical activation temperature 
for discontinuous coarsening to ensue.
Mitao and Bendersky (1995) studied the mechanisms o f  a 2/y lamellar coarsening in Ti— 
40A1 and Ti-44A1 alloys, at ageing temperatures between 900°C and 1050°C and for 
durations o f  up to two weeks. One important analytical feature o f  these experiments on the 
Ti-40A1 and T iX 4 A l lamellar alloys was the evaluation o f  their coarsening behaviour via 
average inter-lamellar spacing measurements. During isothermal ageing at 900°C and
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1050°C, average inter-lamellar spacings (kn) were taken from specimens at the points of 1 
hour and 336 hours thermal ageing time, from which the coarsening ratio r, between these 
two points was evaluated. The Ti-44A1 alloy was suggested to have undergone the greatest 
amount of lamellar coarsening, with post-ageing average interlamellar spacings twice that of 
the Ti-40A1 alloy. The predominant morphological evolution mechanism of this study was 
reported to be of discontinuous coarsening.
Mitao and Bendersky (1997) subsequently attempted to induce discontinuous coarsening 
in a fully lamellar Ti-44A1 alloy, by thermally ageing samples for periods of between one 
hour and one day. This was achieved by isothermally heating the samples to 1000°C for the 
specified durations and then water quenching to room temperature. After thermal ageing 
treatment, a moderate degree of continuous coarsening was observed, and was not studied or 
commented on in greater detail. Pronounced discontinuous coarsening resulting from 
advancing lamellar colony boundaries was measured and the secondary coarsened lamellae 
were examined further.
The most striking effect of the discontinuous coarsening mechanism, was the 
manifestation of alternative lamellar orientations or growth directions compared to the 
primary lamellae, or those that had not yet been consumed by the advancing coarsening 
fronts. The majority of new a 2/y lamellae after discontinuous coarsening were of, or had 
preserved the conventional crystallographic orientation relationship (section 1.2.2.2) i.e. 
looking edge-on to their planar interfaces at the (0001)a2 || {111}Y orientation relationship. 
Some of the discontinuous-coarsening lamellae also ran parallel to the original a 2/y lamellae 
in their formation; whereas others did not, and were seen to grow in different directions but 
still maintain the conventional crystallographic orientation relationship outlined above.
The lamellar formations that grew parallel to the original lamellae were denoted Type-(I) 
and those that grew in different directions behind the discontinuous coarsening front were 
called Type-(II). The third type of lamellar formation observed, Type-(III) was distinct in 
that it did not conform to the conventional orientation relationship as previously maintained, 
but involved the reprecipitation of a 2 lamellae on other {111 }Y planes of y lamellae in the 
discontinuous-coarsening portion of the lamellar microstructure, where the angle between 
(111 }Y planes is around 71°. They would nonetheless be formed on low-energy habit planes: 
the new crystallographic orientation relationship would have been of the (11 l)y || (0001)a2
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instead of the (11 l)y || (0001)a2 type of the original a 2/y lamellar microstructure. Mitao and 
Bendersky (1997) also pointed out that other orientations in the {111 }y planes were possible 
e.g. (lll)y  and (111)Y and their twin variants as well.
1.8.2 Microstructural Stability in Higher Order TiAI-77W-(Si,B) Alloys
In an attempt to understand and evaluate the coarsening behaviour of lamellar a 2/y 
TiAl alloys with additional alloying elements, numerous studies have looked at such alloys 
which had undergone morphological evolution during thermal ageing. Hu et al (1998) 
examined a Ti-48Al-2Cr-2Nb-lB alloy that had been thermally aged for 3000 hours at 
700°C (near the expected operating temperature of low-pressure compressor blades in a 
typical aero-engine). They observed how initially continuous a 2 lamellae in the unexposed 
(zero-hours thermal ageing) alloy sample had transformed to discontinuous a 2 lamellae. 
Alongside this, Hu et al (1998) observed the precipitation of a Cr-enriched hexagonal phase, 
which remained unidentified, formed out of the excess Cr from a 2 decomposition. However, 
this study never painted an overall picture of the morphological changes that occurred over 
the long duration of thermal ageing in the Ti-48Al-2Cr-2Nb-lB alloy.
Various authors have observed that a pronounced level of discontinuous coarsening 
occurs at temperatures above 900°C. Ramanujan (1994) commented on the discontinuous 
coarsening of a fully lamellar Ti-48Al-2Mn-2Nb alloy at high temperatures for periods of 
up to 140 hours. Considerable continuous coarsening was also observed and it was stated that 
extensive dissolution of a 2 had taken place. It was reported that this occurred at faulted 
regions possessing dislocations or at lamellar edges, but without reference to specific 
mechanisms and had occurred as simply a diffusional process.
A follow up study conducted by Ramanujan et al (1996) on Ti-47 Al alloys with 
additions of boron and / or tungsten looked at their thermal stability upon ageing at 800, 1000 
and 1200°C for a single time of 168 hours. Minor changes were reported to have occurred in 
the fully lamellar microstructures of the Ti~47Al alloys with an addition of boron (less so 
with the boron + tungsten alloy) for which discontinuous coarsening and modes of 
continuous coarsening had taken place. Discontinuous coarsening was typified by the 
migration of grain boundaries that left coarsened, irregular and branched lamellae and the
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degradation effects on the initially fully lamellar microstructure were accelerated at the 
highest temperature of thermal ageing (1200°C).
Continuous coarsening or dissolution of lamellae in Ti-47A1 (with B or B+W) alloys was 
described to have been brought about by grooving, and would have been instigated by 
internal faults within lamellae which act as sites of instability. Lamellar edges, steps and 
ledges or interphase interfaces were also said to have been preferential sites for lamellar 
dissolution to commence. Spheroidisation of lamellar plates also took place at the ageing 
temperature of 1200°C, principally amongst the a 2 lamellae. Ultimately it was foimd that 
lamellar stability was enhanced by both B + W and that these alloying additions had helped 
someway in retarding some of the mechanisms of lamellar microstructural degradation. It 
was believed that the addition of boron and tungsten may have even thermodynamically 
stabilised the ot2 phase, thus reducing its dissolution and consumption by coarser y lamellae 
and also formation of new equiaxed or spheroidised grains (Ramanujan et al, 1996).
Recent work on the microstructural stability of TiAl alloys has focused on the response of 
the latest 4th generation TiAl alloys to long-term thermal ageing, around the intended design 
or operating temperatures to which these alloys may be subjected, typically in the region of 
760°C for aerospace applications. Huang et al (2000) undertook thermal stability tests on 
three y-TiAl alloy compositions: Ti-45.6Al-2.25Nb-lCr-0.7Mn-0.15C-0.1Si (alloy A); 
Ti-46Al-5Nb-l W (alloy B) and Ti-44Al-8Nb-lB (alloy C). These HIPped alloys possessed 
an initially fully lamellar microstructure of large columnar lamellar colonies in the case of 
alloy A and B, whereas the boron-containing alloy was of a small-colony nature (due to 
boride grain-refmement). The a 2 lamellae were noticeably thinner than the y lamellae, by 
around a factor of 2.4 to 3.0. ,
Isothermal ageing of the three alloys was conducted for 1000 and 3000 hours at 700°C. 
The lamellar morphology of alloy A beforehand was reported to be of typically continuous 
a 2/y lamellar arrays. Almost no lamellar decomposition was observed after 1000 hours 
ageing, however after 3000 hours thick a 2 lamellae were reported to have decomposed into 
thinner a 2 andy lamellae (figure 1.22). Thinner a 2 lamellae had decomposed into short 
ranged grains of a 2j as had thin y lamellae into short range y domains. Alloy B was reported 
to be more stable in terms of decomposition and exhibited less of what was seen in alloy A.
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The boron-containing alloy C, had displayed extensive thick a 2 lamellar decomposition into 
thin a 2 lamellae, and some y lamellae had transformed into short range y domains.
Figure 1.22: TEM bright field micrograph of an apparent decomposition of thick 
a 2 lamellae into numerous thinner ones (black) in alloy A, from the 
work of Huang et al (2000).
Crucially, Huang et al (2000) did not comment on the changes in lamellar spacing and 
specific modes of lamellar morphological change that are associated with thermal instability. 
Evidence of a 2 globularisation or fragmentation, even after 3000 hours of isothermal ageing 
was rarely found (Huang et al, 2000). Overall, the alloy compositions subjected to isothermal 
ageing in their study had reached the intermediate stages of decomposition, and not quite the 
final stages of lamellar break-up or globularisation that were witnessed in other studies. At 
the ageing temperature of 700°C such processes may not be that prevalent.
A subsequent study by Zhou et al (2003) looked at thermal ageing of a Ti-45A1-2W- 
0.5Si-0.5B alloy at 800-980°C. Although any temperature above 800°C would be well 
above the intended application range, the investigation provided an insight into the thermal 
stability limits of one of the more multi-alloyed y-TiAl compositions. The two alloy 
compositions examined were the T©15Al-2W-0.5Si-0.5B (alloy I) and its boron free 
counterpart Ti—45Al-2W-0.5Si (alloy II). The initial microstructure of both alloys exhibited 
largely a 2/y lamellar arrays with some small y grains at colony boundaries, small grains of 
the (3 phase and also silicide particles mainly within y regions. Additionally, alloy I contained
5 0
boride ribbons or stringers. The a 2 lamellae before thermal ageing were said to be mostly 
continuous, all but a few laths were segmented.
Minor changes were observed after thermal ageing at 800°C for up to 1000 hours: TEM 
micrographs of alloy I exhibited a 2 lath fragmentation after 300 hours at 800°C, although 
overall thermal stability after 1000 hours at 800°C was quoted as good, as the initial lamellar 
spacing was maintained constant and no growth of the (3 or y colony boundary grains had 
taken place. After ageing at 900°C however, more considerable transformations occurred at 
300 houi*s: growth of the (3 phase within a 2 laths was observed as well as precipitations at 
colony boundaries and significant break up of a 2 lamellae. The interlamellar spacing 
however had not changed. Transformations further intensified at 980°C: after 200 hours, rod­
like p formations appeared and the lamellar regions were consumed by single-phase y-grain 
growth. Further still after 600 hours, spheroidisation of phases took place and the lamellar 
spacing had increased.
Zhou et al (2003) had not observed the apparent splitting of thick a 2 lamellae into thin 
a 2 and y lamellae that Huang et al (2000) had witnessed after thermal ageing. Instead various 
modes of instability were seen such as the break up of a 2 lamellae, and quite noteworthy was 
the coalescence of a 2 laths and transformation to the p phase. The y-phase regions at colony 
boundaries also consumed large portions of the a 2/y lamellar microstmcture. Spheroidisation 
and growth of the P phase also ensued with thermal ageing at the higher temperatures, as did 
increases in lamellar spacing. Ultimately though, alloy I was reported as being more resilient 
to thermal ageing than alloy II. However, why the boride-containing alloy was better in such 
conditions was not precisely elucidated to as the mechanisms are still unclear.
A follow-up study to Huang et al (2000), focused on the long-term thermal stability of a 
Ti-44Al-8Nb-lB alloy upon ageing at 700°C in air for up to 5000 hours (Huang et al,
2001). The investigators reported on the microstructural changes to their fine-grained and 
fully lamellar Ti-44Al-8Nb-lB alloy during thermal ageing. The initial morphological 
condition before ageing of their alloy saw a non-uniform distribution of a 2 lamellar widths, 
and this was proposed to be a consequence of Nb or Ti partitioning, whereby a 2 lamellae 
would grow thicker where these a 2-stabilising elements would accumulate. The degree of 
microstructural change increased with the duration of thermal ageing, and firstly at 1000
' Chapter 1: Literature review
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hours the thicker a 2 lamellae had begun to decompose apparently into substantially thinner 
a 2 and y lamellae.
After 3000 hours of thermal ageing of the TX14Al-8Nb-lB alloy, Huang et al (2001) 
observed more extensive changes of the same nature as previously seen at 1000 hours. But 
further to the decomposition of a 2/y lamellae, small “block precipitates” of the (3 phase had 
begun to take shape and these were situated mostly at colony boundaries (figure 1.23). The 
most considerable transformations witnessed by Huang et al (2001) came after thermally 
ageing the TiX4Al-8Nb-lB  alloy for 5000 hours: thicker a 2 lamellae had continued to 
break up into thinner a 2 and y lamellae, whereas the thickest y remained much more stable. 
The precipitation of [3 blocks had become more prominent and was thought to have formed 
from a diffusion-controlled process involving Nb.
Figure 1.23: TEM bright field micrograph (a) of a block precipitate of the (3 phase marked 
“B”with corresponding diffraction pattern (b) in a Ti-44Al-8Nb-lB alloy.
From the work of Huang et al (2001).
Ultimately, Huang et al (2001) discovered that coarse a 2 lamellae in the Ti-44Al-8Nb- 
1B were thermodynamically unstable compared to apparently thin a 2 and y lamellae. This 
was attributed to the fact that more transition metal elements (Nb and Ti) were expected to be 
present in the thick a 2 lamellae, subsequently decomposing during the equilibrium process of 
elemental redistribution during thermal ageing at an elevated temperature. The (3 phase was 
also a result of the overall transformation, and at least 3000 hours of thermal ageing had been 
sufficient for p phase formation to commence. The preferential sites for p precipitation
5 2
Chapter 1: Literature review
included a 2/y lamellar interfaces, colony boundaries and also the equiaxed y grain boundaries 
that themselves were formed during thermal ageing. Niobium diffusion to these precipitation 
sites was thought to allow for the growth of the blocky p phase, as the Ti-44Al-8Nb-lB 
alloy tended toward equilibrium.
Another B-containing alloy was investigated by Beschliesser et al (2002) and provided 
interesting data on how the material had responded to long-term thermal ageing. They 
conducted isothermal ageing treatments on a Ti-46.5Al-4(Cr, Nb, Ta)-1B alloy for up to 
3500 hours at both 700 and 800°C. A boron-ffee equivalent alloy was also examined for 
comparison, and prior to thermal ageing both alloys had been made fully lamellar by a 
solution heat treatment at 1350°C for 6 min, followed by various cooling rates down to room 
temperature. Lamellar interface spacings were in the range of 0.2 to 1.2pm at the fully 
lamellar stage and were reassessed after long-term isothermal ageing.
Beschliesser et al (2002) reported that the fully lamellar Ti-46.5Al-4(Cr, Nb, Ta)-1B 
alloy (and the boron-free equivalent) had retained a rigid lamellar morphology without large- 
scale alterations, however ageing had resulted in some degree of a 2 lamellar decomposition. 
It was stated that following thermal ageing, the lamellar microstructure appeared thinner and 
irregularly shaped, and that a 2 lamellae had been overcome by the nucleation of y grains and 
thin a 2 lamellae formations in replacement. It was suggested that a diffusion controlled 
migration process was operating whereby a 2 had transformed to y and this occurred by the 
nucleation and growth of randomly oriented y grains in place of fully lamellar a 2/y plates.
Beschliesser et al (2002) also commented on other phases formed as a result of thermal 
ageing in the Ti-46.5Al-4(Cr, Nb, Ta)-1B alloy. Alongside a 2 lamellar decomposition, was 
the formation of the P phase at the ends or even within a 2 laths. This was brought about due 
to any remnant a 2 phase that had not yet undergone dissolution becoming enriched in Cr, due 
to its greater solubility for certain additional-elements compared to the y phase, thereby 
transforming to the P phase. The hexagonal Laves phase of a particular morphology was also 
observed in the Ti-46.5Al-4(Cr, Nb, Ta)-1B alloy following thermal ageing. Laves phase 
precipitates were plate-like in their morphology and ran parallel to originally a 2/y lamellar 
interfaces, even resembling lamellar laths themselves (figure 1.24).
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Figure 1.24: TEM bright field micrograph of Laves phase precipitates (arrowed) exhibiting 
a plate-like or lamellar morphology, aligned parallel to a former a 2/y interface. 
The TiX6.5Al-4 (Cr, Nb, Ta)-B alloy thermally aged at 800°C for 3500 hrs, 
from the work of Beschleisser et al (2002).
One important fact to arise from the previous studies based on continuous and 
discontinuous coarsening, is that these two modes are competitive. One or the other is 
suppressed and a particular mode dominates at any one point according to the conditions of 
thermal treatment (e.g. temperature or duration) or intrinsic factors of the alloy. These could 
include factors such as original interlamellar spacing, microstructural faults / internal 
boundaries or perhaps the influence of other alloying additions.
The majority of the studies that investigated thermal stability of lamellar microstructures, 
focused largely on the discontinuous coarsening aspect and do not entirely embrace the finer 
points of continuous coarsening, which include the specific mechanisms of direct 
cylinderisation, boundary splitting, termination migration and Ostwald ripening. The 
following experimental work will investigate further the morphological evolution of both 
ternary and multi-element TiAl alloys, covering these aspects described.
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2.1 Introduction
In this chapter the details of the experimental work conducted on two separate TiAl base 
alloy groups shall be presented. The first group studied comprised of two ternary Ti-Al-Mn 
alloys of nominal compositions Ti-40Al-5Mn and Ti-40Al-10Mn (at %). The second group 
studied comprised of one alloy referred to as y-TAB (gamma-titanium aluminium boron) of 
nominal composition Ti-47 Al-4(Nb, Mn, Cr, Si, B) (at %). All three alloys were studied in 
the as-received and heat treated conditions. The following sections outline the experimental 
procedures for heat treatments, specimen preparation methods or techniques of analysis 
involving light (optical) and electron microscopy, as well as X-ray diffraction analysis.
2.2 Experimental Procedures
The Ti-40Al-5Mn and Ti-40Al-10Mh alloys were both prepared by cold-hearth plasma 
arc melting in an argon atmosphere using high-purity (99.95 wt %) Ti sponge, Mn of 99.95 
wt % purity and Al (99.8 wt % purity). The alloy buttons were cast in the water-cooled 
copper crucible, after having been re-melted five times to ensure homogeneity. The Ti-47Al- 
4(Nb, Mn, Cr, Si, B) alloy, supplied by GKSS (Geesthact, Germany), was prepared from 
inert gas atomised powders that were canned and then HIPped inside an argon atmosphere. 
Hot isostatic pressing was carried out for two hours at 200MPa in the (a2+y) two phase 
region at 1300°C.
2.2.1 Heat treatments
A LENTON 1850 high temperature tube furnace (Tmax = 1800°C) with ceramic tube of 
50mm diameter fitted with a Eurotherm 903P controller was used for the heat treatment of 
alloy samples. The segments were placed into an alumina boat, which was positioned in the 
centre of the tube. The heat treatments were done under a flow of argon gas at a rate of 10 
cc/min. To prevent thermal shock damage of the furnace tube, heating rates were ramped in 
the following order: 10°C / min up to 400°C level; 7°C / min up to 1000°C level followed by 
5°C / min up to 1200°C. The final ramp, being the annealing temperature, was maintained for 
four hours after which furnace operation was ramped down at -5°C / min to protect the tube 
from thermal shock, and fumace cooling was allowed to proceed down to room temperature.
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Ti-40Al-5Mn and Ti-40Al-10Mn alloy samples were sectioned and segmented for use 
in this heat treatment, the aim of which was to produce either a near-lamellar or fully 
lamellar micro structure. Previous work on the Ti-40Al-5Mn and Ti-40Al-10Mn 
compositions by Butler and McCartney (1998) involving heat treatments in the region of 
1145-1275°C for times ranging from 24 hours to 120 hours, generated a partly two phase 
a 2+y lamellar microstructure, and some single phase regions. Based on the work by Butler 
and McCartney (1998), the heat treatments performed in this work used the parameters given 
in Table 2.1, to generate a two phase a 2+y lamellar microstructure.
As the experimental heat treatment at 1200°C for 4 hours resulted in only nearly-lamellar 
Ti-40Al-5Mn and duplex Ti-40Al-10Mn microstructures, a follow-up heat treatment was 
carried out. The temperature was raised to 1300°C and maintained for 6 hours to increase the 
likelihood of forming a fully lamellar micro structure upon cooling. Table 2.1 contains the 
parameters used during this 1300°C heat treatment of the Ti-Al -M n alloys.
Alloy T°C of annealing Time (h) of annealing cooling method
5Mn 1200°C 4 hours FC
5Mn 1300°C 6 hours FC
10Mn 1200°C 4 hours FC
10Mn 1300°C 6 hours FC
y-TAB 1400°C 6 hours FC
Table 2.1: Heat treatment conditions for the Ti-40Al-5Mn, Ti-40Al-10Mn alloys and the 
Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy, also known as y-TAB.
Heat treatment of the Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy was also performed in order to 
produce a near or fully lamellar microstructure. The literature on heat treatment conditions of 
multi-element TiAl base alloys gives temperatures ranging 1360 ~ 1430°C as the optimal 
range for transformation to a fully lamellar condition. Examples of such conditions are: 30 
min at 1430°C then furnace cool (Kestler et al 1999); 4 hours at 1400°C then air cool (De 
Graef et al 1997) and 18 min at 1400°C then furnace cool (Maruyama et al 1997) for 
compositions close to the y-TAB alloy used in this study. A heat treatment at 1400°C, with 
dwell period of 6 hours was chosen, with the aim of producing a lamellar microstructure. The 
heat treatment was performed in an argon atmosphere, as for the ternary alloys.
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2.2.1.1 Long term thermal ageing of the TiAl base alloys
Approximately 10mm3 segments of the Ti-40Al-5Mn, Ti-40Al-10Mn and Ti- 
47Al-4(Nb, Mn, Cr, Si, B) alloys in their fully lamellar condition produced following the 
heat treatments given in Section 2.2.1, were tightly wrapped in Ti-foil and encapsulated in 
ceramic cup-crucibles with tight Ti-sponge packing in order to minimise oxidation of the 
alloys. The crucibles were positioned central to the sidewalls and entrance, inside an 
electrode-heated muffle (box) furnace.
The temperature was then brought to a steady 800°C from room temperature at a rate of 
approximately 5°C / min. From the point of the furnace reaching 800°C, the time periods of 
thermal ageing were measured to 500, 1000, 1500 and 2000 hours. At the end of each 
thermal ageing run, crucibles from each of the three alloy groups were carefully removed 
from the furnace and left to air-cool.
2.2.2 Specimen Preparation
A Discotom cutting wheel was used for sectioning approximately 10mm3 segments 
from the ingots of the Ti-40Al-5Mn and Ti-40Al-10Mn alloys, and segments from a 65mm 
diameter Ti-47Al-4(Nb, Mn, Cr, Si, B) billet. Some segments were used for the heat 
treatments described above (Section 2.2.1) and the remainder were mounted in carbon-filled 
conductive bakelite resin by a Struers Prontopress-3 mounting press. The heat treated 
segments of alloys were also mounted in the same way.
Final preparation of the bakelite-mounted alloy specimens was done according to the 
menu in Table 2.2 on a Struers multi-wheel for the grinding stage, followed by polishing on 
diamond pads using Struers RED polishing suspension. The same preparation menu was 
applied to all as-received and heat treated alloy samples. Specimens of each alloy were 
etched using Kroll’s reagent (2ml HF, 4ml HNO3, 100ml H20 ) swabbing for approximately 3 
seconds followed by neutralising in sodium hydroxide and rinsing with water. Etched 
samples were required for observation under light microscopy.
2.2.3 Metallography
Light micrographs were obtained using a ZEISS Axiovision system comprising of 
Axiophot microscope, Axiocam 5.05 camera recording images digitally to Axiovision 3.1
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software. Some micrographic imaging was performed under differential interference contrast 
conditions for optimal topographic contrast (unless stated otherwise). The magnification 
range of all the optical micrographs were between lOOx ~ 400x. As detailed in Section 2.2.2, 
the specimens were etched in order to reveal sufficient microstructural detail under optical 
conditions.
Grinding Fluid Time
P320 water until plane
P500 water 5min
P800 water 5min
P1200 water 5min
P2400 water 5min
P4000 water 5min
Polishing Fluid Time
6 pm Red suspension 5 min
1pm Red suspension 3 min
Table 2.2: Menu for metallographic specimen preparation of Ti-47Al-4(Nb, Mn, Cr, Si, B), 
Ti-40Al-5Mn and Ti-40Al-10Mn alloy bakelite-mounted specimens.
2.2.3.1 Quantification of microstructural evolution
A method of evaluating the change in apparent interlamellar spacing, as a 
consequence of long-term thermal ageing across various time intervals was employed, in 
order to evaluate the extent of microstructural/ morphological evolution in the three alloys. 
Previous workers, who have examined the morphological evolution and coarsening 
behaviour of lamellar TiAl alloys, have used the ratio of lamellar coarsening, r, which is 
calculated from measured average interlamellar spacings (An) at different times of thermal 
ageing at a constant temperature (Livingston and Cahn, 1974; Shong and Kim, 1989).
The technique of measuring lamellar spacing
The average interlamellar spacing of the lamellar microstructure of each TiAl alloy 
before and after thermal ageing was required in order to assess the extent of microstructural 
evolution. The method used for obtaining a comprehensive and overall value of the
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interlamellar spacing for each alloy involved taking multiple line measurements from a fixed 
point (base-line) across a series o f  lamellae, perpendicular to the lamellar interfaces. Figure 
2.1 shows the method o f  taking measurements o f  apparent interlamellar spacing, from the 
centre o f  the first lamella, bypassing the adjoining (often very fine) lamella, to the centre o f  
the second lamella. An important point to note is that as the series o f  measurements are being 
taken on a metallorgraphic cross-section o f  the material, the orientations o f  each lamellar 
colony / grain will be random. Therefore, the values o f  apparent interlamellar spacing will be 
variable from one region to the next, depending on how perpendicular the lamellae are to the 
plane o f  polish. Nevertheless, this technique provides a reliable representation o f  the degree 
o f  morphological evolution.
(L i)
(L2)
Figure 2.1: Multiple line measurements from a defined base-line, over consecutive lamellae 
from which the data is generated into values o f  apparent lamellar spacing.
Using the Zeiss Axiovision 3.1 software, sets o f  measurements were made across five to 
eight lamellar colonies or grains. The number o f  individual line measurements in each set 
varied according to the nature o f  the lamellar microstructure: after thermal ageing the fully 
lamellar continuous grains or colonies were broken up by single-phase grains and coarsening, 
thereby reducing the number o f  measurable lamellar areas. As each measurement line is 
drawn, from the base-line to each consecutive lamella, the distance between those two points 
is displayed. It is the difference between two consecutive line measurements (e.g. L2 -  LI = 
X) that is the apparent interlamellar spacing.
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Figure 2.2 is an optical micrograph of a measured lamellar region in the Ti^tOAl-lOMn 
fully lamellar alloy. The numerical data was processed to obtain the apparent interlamellar 
spacing, for each set of measurements, from six separate regions in all of the alloys. The 
average value of A from all the individual measurements in each set, was calculated. Finally, 
one overall average, of all the six set averages was taken and represented the mean (apparent) 
interlamellar spacing of that particular alloy. This final value was denoted as A,. All 
measurements were made in the unit of micrometres (pm). Figure 2.3 is a schematic of the 
specimen surface, divided into six separate regions from which the sets of measurements 
were obtained: within each region lamellar grains were measured for interlamellar spacing in 
the manner shown by figure 2.1, generating approximately 20 separate values in each run.
Figure 2.2: Light micrograph of multiple line measurements taken from a base-line parallel to 
the lamellar boundaries. The difference between each consecutive measurement is 
the apparent lamellar spacing for those particular lamellae. All the data is 
processed to obtain the mean value for this set.
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Factors to consider when measuring X spacings
With microstructural grains being randomly oriented to the optical axis o f  the 
microscope, the interlamellar spacing will not only visually appear variable, but will be 
measured with a degree o f  discrepancy due to the two dimensional method o f  analysis used 
to determine the value o f  X (pm). In order to validate the reliability o f  such a method in 
providing a meaningful value o f  the interlamellar spacing o f  a specimen, the T i-40A l-5M n  
alloy data (from fully lamellar to 2000 hours o f  ageing) was redone, by measuring alternative 
specimens o f  the same alloy to determine the reproducibility o f  the entire batch o f  data for 
the T i-40A l-5M n  group. The reproduced data was consistent enough to warrant this 
technique suitable for the purpose o f  assessing lamellar coarsening, and was continued for 
the remaining alloys. The discrepancies in the reproduced X data, compared to the original 
set o f  resultSjWere within 0.5pm, thus showing good reproducibility.
Figure 2.3: Schematic representation o f  a TiAl alloy specimen surface, from which lamellar 
spacing measurements were taken from different grains in six separate parts.
Evaluating the lamellar coarsening ratio
Quantification o f  the degree o f  lamellar microstructural evolution was done by calculating 
the ratio between the original lamellar spacing (from the fully lamellar state) and the spacing 
from a given thermal ageing level (500, 1000 hours etc..) (Livingston and Cahn, 1974; Shong 
and Kim, 1989; Mitao and Bendersky, 1995). A s will be described in the next chapter, the 
lamellar coarsening across a thermal ageing range for either the T i-A l-M n  or y-T A B  alloys, 
was calculated using the ratio o f  the mean interlamellar spacing (Xx) o f  a particular ageing 
time, over the initial mean interlamellar spacing (Xq) at ageing time zero. Therefore Xq/ Xq =
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r0 =  1 and X\/ Xq =  ri =  1.06 as an example to the case of the Ti-40Al-5Mn alloy at the 
ageing time of 500 hours. Thus, the mean interlamellar spacing at 500 hours is a ratio of 
1.06:1 greater than it was before thermal ageing. Subsequent r levels were calculated in the 
same way: X2f XQ =  r2.... X f  Xo =  r3 and so forth.
2.2.4 X-Ray Diffraction Analysis
XRD analyses were performed on polished samples measuring 10 x 15 x 0.5mm 
(LxWxH) for all alloy types using a Philips diffractometer with Cu K a radiation. X-ray 
diffractogram peaks were identified by correlating results from the analysis with data from 
the Inorganic Phases Powder Diffraction File (JCPDS International Centre for Diffraction 
data, 1985). Difffactograms of the Ti-40Al-5Mn, Ti-40Al-10Mn and Ti-47Al-4(Nb, Mn, 
Cr, Si, B) alloys are given in the text, with some of their peaks labelled by phase. The 
corresponding data tables are given in the Appendix.
2.2.5 SEM and EPMA Analyses
Scanning electron microscopy was performed on the as-received and heat heated 
alloys using a Hitachi S-4000 Field Emission Gun instrument operating at an accelerating 
voltage of 15kV, 10pA and working distance of 10mm. SEM secondary electron imaging 
was recorded via a computer using Deben PIXIE 3000 (version 1.0) software. SEM was used 
initially to view the microstructure, however for decent phase contrast in micrograph images, 
its limited probe current of ~10 to 20pAmps was not adequate for this purpose. The 
following instrument to be described had a probe current of lOOp Amps and was used instead 
for capturing digital micrographs.
Electron microprobe analysis was performed using a JEOL JXA-8600 Superprobe fitted 
with OXFORD Pentafet energy-dispersive X-ray (EDX) analyser, operating at 15kV with a 
working distance of 10.55mm. EPMA standardisation had been conducted annually using 
standards of pure Ti, Cr, Mn, Nb, Si and Al. The EDX system was also Quant-calibrated 
during the EPMA sessions, after every ten analyses by Cobalt (K al at 6.93keV) peak 
analyses. Secondary and backscatter electron imaging and EDX analyses were collected via 
Oxford Link ISIS, and later on INCA software for all the as-received and heat treated alloys.
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2.2.6 TEM Specimen Preparation
The transmission electron microscope requires that the specimen is of a standard 3mm 
disc size, and has sufficiently electron-transparent regions for viewing and analysis of 
microstructures. A small-scale metallographic disc cutter (Acutom) was employed for 
preparation of TEM specimens by cutting slices from an alloy segment (-20Opm) and 
grinding these by hand (P320, P800 & P2400) to a thin-foil thickness of -100pm. Final 
preparation involved a Gatan Precision Ion Polishing system set at 5kV with an 8°, then 4° 
angle halfway through for -  2.5 hours. A more successful route for final preparation of TEM 
specimens was achieved by using a Tenupol-3 twin-jet electropohshing and a solution of 5% 
perchloric acid in methanol at 25V and -30°C.
2.2.7 TEM studies
Transmission electron microscopy work was undertaken on a Philips 400 T (120kV) 
and CM 200 (200 kV) microscopes for imaging, diffraction and analysis. Specific images of 
boride phases were captured using the Gatan Imaging Filter system, including Gatan 
Multiscan Camera 7941F and Gatan Digital Micrograph software (version 3.8.0), integrated 
with the CM 200 TEM. Electron Energy Loss spectroscopy (EELS) was also conducted on 
these boride phases and collected spectrum peaks were identified using the EELS Atlas (Ahn 
et al, 1983). Setup of EELS involved the formation of a 10mm2 spot roughly in the centre of 
view, that was then located on screen by scanning through the energy range -  to + 10,000 eV. 
With the slit in, the beam was aligned to the centre of view using energy shift keys, thus 
completing the Align Zero- Loss Peak (Align ZLP) procedure. The remaining procedures 
such as Tune GIF, binning with the beam at the slit comer and “prepare gain reference” were 
also followed through.
2.2.7.1 TEM analysis of lamellar microstructures
Detailed analyses of the lamellar microstructures of the alloys were undertaken for 
the evaluation of elemental partitioning and segregation among the a 2 and y lamellae. 
Following isothermal ageing of these alloys, specimens from either extreme of the ageing 
range were the subject of analysis, i.e. with no thermal ageing (fully lamellar) samples, and 
the 2000 hour-aged samples. General images of the lamellar microstmctures were captured
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on the Philips 400T transmission electron microscope at magnifications of 22,000 to
28,000x, and using the Gatan Imaging Filter of the Philips CM 200 TEM.
The elemental content distribution within certain lamellae of both the a 2 and y phases 
was assessed using the Oxford ISIS energy dispersive X-ray spectrometer of the Philips CM 
200 TEM, at a specimen goniometer tilt of 20° towards the EDX detector, and a beam spot 
size of 4. For such a fine scale of analysis and at precise points on individual lamellae, the 
magnifications were around 50,000x. Figure 2.4 represents the scheme in which 
measurements were made for elemental distribution and segregation.Three separate points 
denoted Centre, in-between and Edge within measured lamellae, where spot analyses were 
made, represented the approximate centres of the lamella; in-between the centre and phase
boundary; and close to the edge or boundary of that phase.
Such measurements were repeated five times and the average compositions at the points 
of the Centre, in-between and at the Edge of lamellae were plotted as elemental profiles for 
example of titanium, aluminium and manganese in the case of the Ti-Al-Mn alloys. Thus, 
the data shows how elements were distributed within the lamellae of the fully lamellar alloys, 
and also after the 2000 hour-ageing. The standard deviation of all the datasets collected 
ranged from the lowest value of 0.59 to the highest of 1.64. The standard error for measured 
phase compositions was ± 1.0 at %. Spatial resolution limitations of TEM-EDX spot analysis 
were another factor to consider, due to the electron beam interaction area within the sample, 
which was especially critical when measuring in the proximity of a phase boundary.
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Centre (1), in-between (2) and edge (3)
Figure 2.4: Schematic o f  the TEM -EDX spot points for compositional analysis in the ct2/y 
lamellar microstructure: point 1 at the centre; point 2 in-between the centre and 
edge; and point 3 at the edge or boundary o f  the phase being analysed. The data 
was plotted as values 1, 2 and 3 on the x-axis representing positions Centre, in- 
between and Edge respectively, and the measured atomic percent on the y-axis.
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3.1 Introduction
This chapter will present the results of the microstructural characterisation of the Ti- 
40Al-5Mn and TiXOAl-lOMn alloys in the as-received, heat treated and thermally aged 
conditions. A comparison of the microstructures, phase identification and compositional 
differences will be presented for both these alloys in the said conditions.
3.2 As-received Ti-40AI-5Mn
Observations of the as-received Ti-40Al-5Mn alloy microstructure using light 
microscopy revealed dendrites with very-fine lamellar inter-dendritic regions (figure 3.1) 
which was also an observation of Butler et al (1997) in the same alloy system. Figure 3.2 
shows a FEG-SEM secondary electron image showing the microstructure in greater detail. 
The lamellar regions (presumably an a 2/y lamellar structure) had very-fine width and the 
boundaries of these regions comprised of continuous, elongated dark and light grains. The 
micrograph shows a continuous and wide inter-lamellar light region running parallel to the 
darker and narrower region, with both regions in turn bordering two lamellar regions oriented 
more or less perpendicular to each other
The microstructure of the as-received Ti-40Al-5Mn alloy contained four separate 
phases. Figure 3.3 is a backscatter electron micrograph of the as-received Ti-40A1—5Mn 
taken in the EPMA, showing three phases: dark, grey-dark and grey-light. The fourth phase 
can not be presented in the EPMA micrograph clearly, but was detectable on-screen. This 
phase appeared light and was called the light phase. Energy-dispersive X-ray analysis of the 
Ti-40A1—5Mn alloy, revealed the actual composition to be fairly close to the nominal values 
(Table 3.1 and figure 3.4).
The EDX analyses of the individual phases revealed an emerging pattern of decreasing 
aluminium content and increasing manganese content, from a darker to lighter phase contrast. 
This suggested a possible substitution for aluminium by the manganese in the grey contrast 
phases. Figure 3.5 is an X-ray diffractogram for the as-received Ti-40Al-5Mn alloy with 
peaks labelled to show the four phases identified by this analysis.
Chapter 3: T i-A l-M n alloys: Results
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3.1 :Light micrograph o f  the as-received Ti^lOAI-5M n alloy exhibiting a 
w ell defined dendrite in the centre o f  the micrograph.
3.2: FEG-SEM secondary electron micrograph o f  the as-received Ti^40Al-5M n  
alloy at a junction o f  two lamellar areas, showing contrast between  
darker and lighter phases.
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Figure 3.3: EPM A backscatter electron im age o f  the as-received T i-4 0 A l-5 M n  alloy.
Area / Phase
Element at %
Ti Al Mn
large area 54.5 40.9 4.6
dark 52.3 44.2 3.5
grey-dark 54.1 41.2 4.7
grey-light 56.7 30.5 12.8
light 38.7 36.9 24.4
Table 3.1: EDX results o f  the as-received T i-40A l-5M n  alloy.
The data associated with the diffractogram is given in the Appendix (Table Al ) .  The 
XRD analysis confirmed the presence o f  the a 2, y, (3 and Laves phases. By combining the 
EPMA and XRD data it was concluded that, in order o f  increasing manganese content, the 
dark, grey-dark, grey-light and light phases in Table 3.1 were they, a 2, (3 and Laves phases 
respectively. These results are in agreement with the observations made by Butler and 
McCartney (1995) and by Butler et al  (1997).
Dark
Grey-dark
Grey-light
Light (not 
visible here)
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Figure 3.4: EDX spectrum of the large area analysis of as-received Ti-40Al~5Mn alloy.
Figure 3.5: X-ray diffractogram of the as-received Ti-40Al-5Mn.
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3.3 Ti-40AI-5Mn heat treated at 1200°C
The Ti-40Al-5Mn alloy was heat treated at 1200°C for 4 hours to form a lamellar 
microstructure. Figure 3.6 is a light micrograph showing a nearly-lamellar microstructure 
with noticeably more broad lamellae than in the as-received condition. This heat treatment 
had not produced a fully lamellar microstructure. Figure 3.6 shows a significant volume 
fraction of a discontinuous and generally rounded (grey contrast) phase, some measuring 
almost 100pm in diameter (cluster marked by arrow in figure 3.6).
Figure 3.7 is an EPMA backscatter electron micrograph revealing the details of the 
typical heat treated Ti-40Al-5Mn microstructure. A large lamellar column is seen on the left 
hand side, which is interrupted by a cluster of discontinuous and mainly elongated (dark 
contrast) grains, 20-30pm in length. The arrows in figure 3.7, point out bright contrast 
phases running along the interfaces of the individual grains and the lamellar colony. These 
mostly rounded, bright contrast grains were barely visible, and apart from the very largest 
ones pointed out in figure 3.7, measured only a few microns across.
Overall, the lamellar microstructure consisted of highly serrated and staggered lamellae, 
as seen with the brighter phase lamellae in the EPMA backscatter electron micrograph in 
figure 3.8. Several of these had terminations often ending inside large (~200pm) regions of 
the matrix, as marked by the arrows in figure 3.8. Figure 3.9 is a FEG-SEM secondary 
electron image at high magnification showing alternating bright and dark contrast lamellae 
with varying dimensions. The brighter phase tends to dominate in terms of volume fraction 
and its lamellae varied in size. In comparison, the darker phase lamellae are almost all < 
0.5pm in width.
Figure 3.10 shows a region with four phases, labelled dark, grey-dark, grey-light and 
light. Most of the dark phase participated in the lamellar structure, but was also present as 
large globular grains, seen in figure 3.10. The grey-dark phase was also lamellar but facetted 
and serrated in nature. The grey-light phase appeared to be embedded in the grey-dark phases 
as pointed out by the arrows (not entirely clear in figure 3.10). In contrast, the light phase 
was very visible and tended to line the boundaries between the globular dark and lamellar 
phases. Table 3.2 gives the compositions of the phases; the Al content decreased and the Mn 
content increased with darker to lighter phase contrast.
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Figure 3.6: Light micrograph of the Ti-40Al-5Mn alloy heat treated at 1200°C for 4 hours 
showing a nearly-lamellar microstructure of coarsened-lamellae, with rounded 
grains interrupting the large lamellar columns.
Figure 3.7: EPMA backscatter electron image of the general microstructure 
from the Ti-40Al-5Mn alloy heat treated at 1200°C for 4 hours.
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Figure
Figure 3.9: FEG-SEM secondary electron micrograph of the lamellar microstructure 
of the 1200°C heat treated Ti-40Al-5Mn alloy displaying alternating 
two-phase ot2/y lamellae.
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Ti-40Al-5Mn showing details of the lamellar microstructure.
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Figure 3.10: EPMA backscatter electron micrograph of the 1200°C heat treated 
Ti-40Al-5Mn alloy.
Area / Phase
E ement at %
Ti Al Mn
large area 54.3 41.2 4.5
dark 48.5 47.1 4.5
grey-dark 59.0 35.3 5.8
grey-light 59.3 30.3 10.4
light 38.7 34.1 27.2
Table 3.2: EDX data of the 1200°C heat treated Ti-40Al-5Mn alloy.
To further phase identification, XRD analysis was undertaken. Figure 3.11 shows the X- 
ray diffractogram of the 1200°C heat treated TM0Al-5Mn alloy. The corresponding XRD 
data is given in Table A2 in the Appendix. The XRD data shows the presence of the a 2, y, p 
and Laves phases. With the combined EMPA and XRD analyses results, it was deduced that 
the phases in Table 3.2, in order of increasing Mn content, were the y, a 2, p and Laves 
phases respectively. These observations are in agreement with the work of Butler and 
McCartney (1998).
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Figure 3.11: X -ray diffractogram of the 1200°C heat treated Ti-40Al-5Mn alloy.
Figure 3.12 shows a TEM micrograph of lamellar formations in the heat treated Ti-40A1- 
5Mn alloy containing numerous broad and narrow lamellae. Most of the lamellar interfaces 
are planar, some can be seen to converge or slope slightly and intersect with adjacent 
lamellae. A rather noticeable broad lath at over a micron and a half wide, with its interfaces 
converging into a tip, also intersects with oncoming lamellae at the point marked by an arrow 
in figure 3.12.
Diffraction patterns taken from lamellae in the heat treated Ti-40Al-5Mn alloy were 
indexed using the EMS on line software for crystal system identification. The diffraction 
patterns in figure 3.13 are from y phase lamellae. The TEM-EDX data for the two phases in 
the lamellar structure is shown in Table 3.3. The data confirmed that the dark phase seen in 
EPMA analysis was indeed the y phase whereas the grey-dark phase was a 2.
Element at %
Phase Ti Al Mn
i Y 48.4 48.0 3.6
a2 58.7 36.3 5.0
Table 3.3: TEM-EDX data for the 200°C heat treated Ti—40Al-5Mn alloy.
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Figure 3.12: TEM bright-field micrograph of a 2/y lamellae in the 1200°C heat treated 
Ti-40Al-5Mn alloy. An intersection between a broad lamella and adjacent 
thin lamellae is marked by a white arrow.
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Zone Axis : [ 4, 1, 1]
Figure 3.13: Electron diffraction patterns of two individual y phase lamellae in the 1200°C 
Ti-40Al-5Mn alloy, (a) zone axis [111] and (b) zone axis [411].
3.4 Ti-40AI-5Mn heat treated at 1300°C: Fully lamellar
The heat treatment at 1200°C for 4 hours did not produce a fully lamellar 
microstructure. Thus, heat treatment of the TiX0Al-5Mn alloy was undertaken for 6 hours at 
1300°C, followed by furnace cooling to room temperature. The heat treated microstructure 
was observed under a light microscope, following moderate etching of the polished specimen 
surface. Large lamellar colonies of several hundred microns diameter were seen comprising 
of fairly thin a 2/y lamella. Figure 3.14 is a low-magnification light micrograph showing the 
fully lamellar microstructure with no signs of single-phase or non-lamellar phases, and had 
large and continuous columnar lamellar colonies of several hundred microns in diameter, 
unlike the 1200°C heat treated TiX0Al-5Mn alloy in figure 3.6.
Figure 3.15 is an EPMA backscatter electron micrograph of the fully lamellar Ti—40A1- 
5Mn alloy. At the colony boundary are seen some precipitates or very small fragmented, 
discontinuous and facetted grains of a lighter contrast phase (either p or Laves) that formed 
due to a segregation of manganese at the boundaries. Large elongated “wedges” of the y 
phase, make up these colony boundaries and appear as large or wide y lamellae.
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Figure 3.16 is a higher magnification EPMA backscatter electron micrograph of the same 
fully lamellar microstructure. A minor phase, exhibiting grey-light contrast can be seen at the 
end terminations of the dark and grey-dark lamellar phases, in figure 3.16. Figure 3.17 shows 
the a 2/y alternating lamellae in greater detail, with the grey-dark contrast lamellar phase to be 
a mixture of fine and broad widths. Inside the grey-dark lamellae appear some very thin 
streaks of the grey-light phase, in a similar fashion to those seen in the 1200°C heat treated 
condition in figure 3.10.
Figure 3.14: Light micrograph of the 1300°C fully lamellar Ti^l0Al-5Mn.
The EPMA-EDX analyses results of the phases in the fully lamellar Ti-^10Al-5Mn are 
given in Table 3.4. It was found that the dark, grey-dark and grey-light phase compositions 
corresponded to the phase y, a 2 and |3 phases, respectively. The phase compositions were 
consistent with the previous as-received and 1200°C Ti-40Al-5Mn alloys, the only major 
difference being of Ti in the a 2 phase of the as-received alloy (by 4.7 at %). Figure 3.18 is 
the X-ray diffractogram of the fully lamellar Ti—40Al-5Mn, with corresponding data in the 
Appendix (Table A3). X-ray analysis confirmed the presence of these three phases, but also 
recorded just one (Mn2Ti) Laves phase peak. Since the Laves phase was not found in the 
primary method of analysis (EPMA) it was unlikely to be present in any significant amount.
77
Chapter 3: Ti-Al-Mn Alloys Results
i bOj j m
Figure 3.15: EPMA backscatter electron micrograph of the 1300°C fully lamellar TM0A1- 
5Mn showing small grey-light phase precipitates at the lamella colony boundaries.
Figure 3.16: EPMA backscatter electron micrograph of the 1300°C fully lamellar Ti-
40Al-5Mn alloy, showing grey-light phase particles at the colony boundary.
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Figure 3.17: EPMA backscatter electron micrograph of the 1300°C fully lamellar 
Ti-40Al~5Mn alloy showing details of the alternating a 2/y lamellae.
Degrees 2-9
Figure 3.18: X-ray diffractogram of the 1300°C fully lamellar Ti-40Al-5Mn alloy.
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Area / Phase
E ement at % phase
identityTi Al Mn
large area 54.2 41.6 4.2
dark 51.5 45.7 2.8 y
grey-dark 58.8 35.6 5.6 a2 I
grey-light 58.8 30.4 10.8 P
Table 3.4: EDX data of the 1300°C fully lamellar Ti-40Al-5Mn alloy.
Figures 3.19 and 3.20 are TEM bright field micrographs of the fully lamellar Ti-40A1- 
5Mn alloy microstructure showing the lamellar laths of two intersecting colonies. The arrow 
in figure 3.19 points to a thin streaky phase which was necked and terminated, and may have 
been a (3 phase lining along an a 2/y lamellar interface. The a 2 (black) and y (white) lamellae 
in figure 3.20 were almost always un-distorted and were seen to contain very few 
terminations or irregularly formed laths, although the lower part of the image shows the 
lamellar intersections are rather fragmented. The inter-lamellar spacing was also seen to vary 
in the fully lamellar Ti-40Al-5Mn alloy.
TEM-EDX measurements at the positions denoted as Centre (1); in-between (2); and 
Edge (3) in the a 2 and y lamellae (see Chapter 2) of the fully lamellar Ti-40Al-5Mn alloy, 
are given in figure 3.21 and Table 3.5 for the y lamellae, and figure 3.22 and Table 3.6 for the 
a 2 lamellae. Element profiles are plotted showing the Al, Ti and Mn concentrations in the 
lamellae. The Al content in the y lamellae was higher at the centre and decreased towards the 
boundary steadily. Conversely, the Ti profile shows that the Ti concentration was greater at 
the edge or boundary of the y lamellae, and increased steadily from the centre to the edge.
The Mn profile of the y lamellae showed a gradual increase, with a difference of 1 at % 
from the centre to the edge: this would not necessarily constitute a value relating to 
partitioning or segregation of Mn (the experimental error value itself is of 1.0 atomic 
percent). In the case of the a 2 phase lamellae, the Al and Ti profiles show virtually a reverse 
situation of that seen in the y phase results. The Mn concentration in the a 2 phase was higher 
than in y, in agreement with the results in Table 3.4, showing a slight increase at position (2). 
A a 2/y lamellar interface in the fully lamellar Ti-40Al-5Mn alloy was observed in HR-TEM 
mode. Figure 3.23 shows Fast-Fourier Transform patterns of the a 2 and y phase lamella (top
8 0
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possible
lining
Figure 3.19: TEM micrograph o f  the fully lamellar T i-40A l-5M n  showing the typical a 2/y 
lamellar morphology. The arrow shows what could have been a p phase lining 
which is very thin in appearance and is necking upon termination.
Figure 3.20: TEM micrograph o f  the fully lamellar T i-40A l-5M n  showing  
the typical a 2/y lamellar morphology. (Digital image from GIF).
81
Chapter 3: Ti-Al-Mn Alloys Results
51 1 
50 -
^  49 -
§  48
8.47 -
■g 46
o  45 <
44
43
42
41
Al profile in y lamellae of FL non-aged 
Ti-40AI-5Mn
0 1 2  3 4
Centre (1), in-between (2), Edge (3)
Mn profile in y  lamellae of FL non-aged 
Ti-40AI-5Mn
6 ->
2
+ '
0 1 2  3 4
Centre (1), in-between (2), Edge (3)
Figure 3.21: Concentration profiles of Ti, Al and Mn in the y lamellae of the 1300°C fully 
lamellar Ti-40Al-5Mn alloy.
position in 
y lamella
E ement at %
Ti Al Mn
centre 47.0 49.7 3.3
in between 49.8 46.0 4.2
i edge 53.6 42.1 4.3
Table 3.5: TEM EDX analysis of Ti, Al and Mn in the y lamellae in the 1300°C fully 
lamellar Ti-40Al-5Mn alloy.
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Figure 3.22: Concentration profiles of Ti, Al and Mn in the a 2 lamellae of the 1300°C fully 
lamellar Ti-40Al-5Mn alloy.
position in 
a2 lamella
Element at %
Ti Al Mn
centre 64.7 29.9 5.4
in between 62.8 31.3 5.9
edge 60.0 34.8 5.2
Table 3.6: TEM EDX analysis of Ti, Al and Mn in the a 2 lamellae in the 1300°C fully 
lamellar Ti-40Al-5Mn alloy.
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two images, respectively) and also the high resolution TEM micrograph o f  the interface itself 
in which the darkest contrast lamella is a 2. The orientation relationship shown between the 
a 2 and y lamella is the conventional (1 1 1)Y || (0001)a2.
Figure lamella andFast-Fourier Transform diffraction patterns o f  the a 2 and y phase 
the a 2/y lamella interface seen in a HR-TEM  micrograph.
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3.5 Thermally aged Ti-40AI-5Mn
The following sections present the results of microstructural analysis of fully lamellar 
Ti-40Al-5Mn alloy samples (Section 3.4) that had subsequently undergone isothermal 
ageing at 800°C for 500, 1000, 1500 and 2000 hours ageing time. EPMA analysis was the 
primary tool in deducing what different phases were present in each microstructure, due to 
the compositional data and backscatter electron contrast provided in imaging. Although care 
had to be taken when analysing small precipitates or phase regions due to the beam 
interaction area, ~5pm phase width was adequate to ensure a reliable EDX analysis. X-ray 
diffraction was a complimentary analysis method as it did not absolutely deduce what phases 
were present, but helped to confirm what was seen in the EPMA. TEM analysis was 
conducted only on the 2000 hours-aged alloy (Section 3.5.4).
3.5.1 Ageing at 800°C for 500 hours
The fully lamellar Ti-40Al-5Mn was subjected to long-term ageing at 800°C for 500 
hours, as described in Chapter 2. Figure 3.24 is a light micrograph of the microstructure 
following 500 hours ageing at 800°C. There are quite noticeable occurrences of single-phase 
grains surrounding the (still large) lamellar colonies. It was hard to establish from light 
microscopy whether the lamellar morphology itself had undergone major changes.
Figure 3.25 is an EPMA backscatter electron image of the 500 hour aged Ti-40Al-5Mn 
alloy, showing lamellar colonies interrupted by single-phase globular grains (dark in 
contrast), which are partly wrapped by a discontinuous and elongated grey-light phase. 
Figure 3.26 is a higher magnification EPMA backscatter electron micrograph of the 500 hour 
aged Ti-40Al-5Mn alloy, showing a 2/y lamellae with portions of discontinuous and facetted 
light contrast phases (presumably (3 and Laves). Alongside this are more continuous and 
elongated regions of y (dark contrast phase) which segregate the lamellar colonies.
Figure 3.27 shows a lamellar region that has partly degenerated into single-phase 
discontinuous and serrated grains of grey-dark and grey-light contrast. Presumably, the grey- 
dark phase is a 2, as it also constitutes the lamellar structure, alongside the dark y phase. The 
actual lamellae themselves seem to be intact across their length with little break up. 
However, precipitates of a light-contrast phase emerge along the a 2 lamellae, suggesting a 
concentration of manganese to these sites. EPMA-EDX analysis of the 500-hour aged
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Figure 3.24: Light micrograph of the 500 hour aged, previously fully lamellar 
Ti-40Al-5Mn alloy.
Figure 3.25: EPMA backscatter electron micrograph of the 500-hour aged 
Ti^40Al-5Mn alloy.
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Figure 3.26. EPMA backscatter electron micrograph of the 500-hour aged Ti-40A1 
-5Mn alloy displaying arfy lamellae and single phase grains.
Figure 3.27: EPMA backscatter electron micrograph of the 500-hour aged Ti^lOAl 
-5Mn alloy showing a lamellar colony and single phase grains.
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Area / Phase
E ement at % phase
identityTi Al Mn
large area 54.5 41.3 4.2
dark 52.3 44.9 2.8 Y
grey-dark 65.3 31.8 2.9 a2
grey-light 55.5 27.4 17.1 P
Table 3.7: EDX data of the 500-hour aged Ti-40Al~5Mn alloy.
Ti-40Al-5Mn alloy gave the compositions of the dark, grey-dark and grey-light contrast 
phases (Table 3.7). Major compositional changes had occurred from the fully lamellar to the 
500-hour aged Ti-40Al-5Mn in the a 2 and (3 phases. Ti content markedly increased in the a 2 
phase and fell in the (3 phase after 500-hours ageing. Mn markedly increased in the |3 phase 
and fell in the a 2 phase after 500-hours ageing. XRD analysis confirmed the presence of the 
phases y, a 2 and {3. Figure 3.28 is an X-ray diffractogram of the 500-hour aged Ti-40A1- 
5Mn, with the correlating data in the Appendix (Table A4). One peak corresponding to the 
(Mn2Ti) Laves phase was identified, although it was not readily seen in EPMA analysis, thus 
Laves was not considered to be present in any significant amount.
Figure 3.28: X-ray diffractogram of the 500-hour aged Ti-40Al~5Mn alloy.
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3.5.2 Ageing at 800°C for 1000 hours
Figure 3.29 is a light micrograph of the previously fully lamellar 1000-hour aged Ti- 
40Al-5Mn displaying large lamellar colonies, interrupted by single phase discontinuous 
grains of elongated and globular morphology. Overall the microstructure was practically of a 
nearly-lamellar condition as for the 500-hour aged Ti-40Al-5Mn. Figure 3.30 is an EPMA- 
backscatter electron micrograph showing the segregated and constrained lamellar colonies 
surrounded by large, elongated and serrated single-phase grains. Three phases are apparent: 
the dark and grey-dark phases and discontinuous and broken grey-light phase grains.
Figure 3.31 shows a 2/y lamellae amongst dark contrast single-phase globular grains and 
also small grey-light and mainly light contrast precipitates at the lamellar terminations. The 
a 2/y lamellar microstructure appears to be degenerated, exhibiting serrated and terminated a 2 
lamellae, as had the 500-hour aged alloy although to a lesser degree than in the 1000-hour 
aged condition. The dark contrast phase also seemed to have coarsened considerably.
Details of the a 2/y lamellar microstructure are shown in figure 3.32. The a 2 lamellae 
themselves appear to have thinned and serrated in some places. The centre of the 
micrograph shows a facetted and elongated grey-dark phase, with grey-light and light 
contrast phase formations within it. The light contrast Laves phase formations also appear 
running along the edges of a 2 lamellae and had arisen due to manganese diffusion and 
partitioning to these points. Table 3.8 gives the EDX results for the analysis of four phases in 
the 1000-hour aged alloy. Compared to the 500-hour aged alloy the large area, y, a 2 and (3 
phases analyses were very consistent, although the Laves phase was more readily analysable 
after 1000-hours ageing.
Area / Phase
Element at % phase
identityTi Al Mn
large area 54.3 41.8 3.9
dark 52.0 45.2 2.8 Y
grey-dark 64.9 32.2 3.0 a2 ]
grey-light 55.1 28.6 16.3 P
light 39.5 29.9 30.6 Laves
Table 3.8: EDX results of the 1000-hour aged Ti-40Al-5Mn alloy.
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Figure 3.29: Light micrograph of the 1000-hour aged, previously fully lamellar 
Ti-40Al-5M n alloy.
100uri |
Figure 3.30: EPMA backscatter electron micrograph of the 1000-hour aged Ti-40Al-5Mn 
alloy showing large single-phase facetted grains separating the lamellar grains.
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grey-
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Figure 3.31: EPMA backscatter electron micrograph of the 1000-hour aged 
Ti^tOAl-5Mn alloy displaying apparent 0,2/7 lamellar break up.
grey-
dark
grey-
light
Figure 3.32: EPMA backscatter electron micrograph of the 1000-hour aged Ti^tOAl-5Mn 
alloy, revealing a thinned and partially fragmented a 2/y lamellar morphology. 
Laves phase growth also appears along the sides of a 2 lamellae.
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Figure 3.33 is an X-ray diffractogram of the 1000-hour aged alloy which contained 
several peaks of the oc2 and y phases, and three peaks each for the (3 and Laves phases, with 
corresponding data in the Appendix (Table A5).
Figure 3.33: X-ray diffractogram of the 1000-hour aged Ti-40A-5M n alloy.
3.5.3 Ageing at 800°C for 1500 hours
Figure 3.34 is a light micrograph o f the previously fully lamellar Ti-40Al-5M n alloy 
after 1500-hours ageing, showing degenerated large lamellar colonies with inter-dispersed 
single phase grains. A staggered and serrated lamellar (dark and grey-dark contrast) structure 
also with intermittent long, elongated phases of grey-light contrast is shown in figure 3.35. 
The deterioration of the fully lamellar microstructure, as well as four separate phases is 
shown in greater detail in figure 3.36. EDX data for the four phases in the 1500-hour aged 
alloy is given in Table 3.9 There was a more noticeable difference between the large area 
analysis o f the fully lamellar microstructure and o f that after 1500 hours ageing, regarding 
the Al and Ti concentrations. This has been attributed to the selection of specimens from part 
of the as-cast ingot that exhibited macrosegregation. Compared to the 1000-hours aged alloy,
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the y, 0(2 and p compositions are comparable. The only major difference was in the Mn 
content of the Laves phase, as it increased from the 1000-hours to the 1500-hours aged alloy 
by around 4 at %. The EDX data for the 1500-hour aged alloy is found in Table 3.9.
Details of the a 2/y lamellar microstructure, containing very thin and serrated a 2 lamellae, 
along with coarser light contrast lamellae or “strands” comprised of the Laves phase, are seen 
in figure 3.37. Further destabilisation of the a 2 lamellae caused its transformation to the p 
and/or Laves phase, seen in figures 3.36 and 3.37 as formations of light contrast staggered 
and discontinuous strands. Clearly, thermal ageing for 1500 hours allowed for the dissolution 
of a 2 lamellae, leaving behind fairly large and sometimes continuous regions of y phase, as 
well as the light-contrast phase Laves “strands” seen in figure 3.37. Figure 3.38 is the X-ray 
diffractogram of the 1500-hour aged alloy, showing peaks of the y, a 2, p and Laves phases, 
with corresponding data in the Appendix (Table A6) which confirmed the phases seen in the 
EPMA analysis (Table 3.9).
Figure 3.34: Light micrograph of the previously fully lamellar Ti-^10Al-5Mn alloy after 
1500 hours ageing.
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Figure 3.35: EPMA backscatter electron micrograph of the 1500-hour aged 
Ti-40Al-5M n alloy.
grey-
light
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Figure 3.36: EPMA backscatter electron micrograph of the 1500-hour aged Ti-40Al-5M n 
alloy revealing degeneration of lamellae and other fragmented phase grains.
grey-
dark
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Figure 3.37: EPMA backscatter electron micrograph of the 1500-hour aged Ti^lOAl-5Mn
alloy revealing a 2/y lamellar dissolution and the creation of Laves phase strands 
that are significantly coarser than any of the remaining thin ot2 lamellae.
Area / Phase
Eement at % phase
identityTi Al Mn
large area 51.3 43.5 5.2
dark 50.2 46.2 3.6 Y
grey-dark 65.2 31.9 2.9 a 2
grey-light 56.4 28.3 15.3 P
light 38.0 27.2 34.8 Laves
Table 3.9: EDX data for the 1500-hour aged Ti-40Al-5M n alloy.
3.5.4 Ageing at 800°C for 2000 hours
After thermal ageing for 2000 hours at 800°C, the Ti-40Al-5M n alloy had undergone 
further morphological changes within its microstructure. Figure 3.39 is a light micrograph 
showing the overall microstructure to comprise lamellar colonies and single-phase, 
discontinuous grains of varying shapes and sizes, rather like a nearly-lamellar TiAl 
microstructure. Once again, the a 2/y lamellar morphology appears to be somewhat 
degenerated and coarsened amongst the colonies.
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Figure 3.38: X-ray diffractogram of the 1500-hour aged Ti-40Al-5M n alloy.
In figure 3.40, we see a 2/y lamellar colonies segregated by single-phase regions of y with 
surrounding irregular and facetted a 2 phase portions. Within the lamellar regions are small 
light-contrast particles that seem to be conjoined to the a 2 lamellae. These were formed due 
to Mn partitioning. Figure 3.41 is an EPMA backscatter electron micrograph showing a 
significantly degenerated lamellar morphology. The a 2 lamellae appear to have receded and 
fragmented, and have been replaced by very high aspect ratio discontinuous grains of a light- 
contrast phase. As seen in the preceding thermal ageing times, large regions o f y phase exist, 
that had expanded as the initially fully lamellar microstructure broke down.
In figure 3.42, the microstructure and lamellar morphology looks very much like the 
1500-hour aged sample. What would have been an initially a 2/y lamellar structure now 
exhibits a fragmented and serrated lamellar morphology where the a 2 lamellae appear to 
have thinnedl, giving way to a light-contrast phase of highly elongated and discontinuous 
grains, that look almost like coarse lamellae themselves with rounded tips. Table 3.10 gives 
the EDX analyses of the y, a 2 and Laves phases. The (3 phase that was seen in the shorter 
ageing times was now difficult to locate in the EPMA, and therefore was not analysed.
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Figure 3.40: EPMA backscatter electron micrograph of the 2000-hour aged Ti—40A1 
-5M n alloy depicting regions of single phase y and coarsened a 2 portions 
where lamellar terminations arise.
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Figure 3.41: EPMA backscatter electron micrograph of the 2000-hour aged TiX0Al-5M n 
alloy exhibiting fragmented a 2/y lamellae and parallel Laves phase lamellae.
grey-
dark
10qm
Figure 3.42: EPMA backscatter electron micrograph of the 2000-hour aged Ti-40A1
-5M n alloy, revealing the broken lamellar morphology and dissolution of a 2.
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Area / Phase
E ement at % phase
identityTi Al Mn
large area 51.0 43.8 5.2
dark 50.5 45.9 3.6 Y
grey-dark 65.3 31.9 2.8 a 2 .
light 37.4 27.6 35.0 Laves
Table 3.10: EDX data for the 2000-hour aged Ti-40Al-5M n alloy.
In comparison to the 1500-hour aged compositions, the 2000-hours aged sample was 
consistent with no major differences in the phase compositions. Figure 3.43 is an X-ray 
diffractogram of the 2000-hour aged alloy containing peaks of y, a 2, (3 and Laves with 
corresponding data in the Appendix (Table A7). The EPMA analysis was unable to verify the 
presence o f the {3 phase, as it was no longer visible in microstructural analysis, but must have 
been present in trace amounts only.
Figure 3.43: X-ray diffractogram of the 2000-hour aged Ti-40Al-5M n alloy.
Figure 3.44 is a TEM bright field micrograph of the 2000-hour aged Ti-40Al-5M n alloy, 
showing the lamellar morphology in its degenerated state after 2000 hours thermal ageing 
time. The a 2 lamellae were seen to have partially transformed into the Laves phase (Mn2Ti)
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lamellae which are observed as the black contrast fragmented streaks amongst the light y 
phase broad lamellae, in figure 3.45. The y lamellae are separated by thin and partially 
transformed a 2 lamellae that also contain some o f the black contrast Laves phase strips 
merged in with the lighter contrast a 2 lamellae, as pointed out by an arrow in the image. 
Figure 3.46 and Table 3.12 give the elemental concentration profiles across the y lamellae of 
the 2000-hour aged Ti-40Al-5M n alloy. A slight fluctuation in the Al profile is seen in the y 
lamellae, but within the 1.0 at % error. Ti content was higher in the centre o f the y lamellae 
than at the edges. The Mn concentration exhibited an increase towards the edges of the y 
lamellae, which was possibly associated with the formation of Mn-rich (3 or Laves.
Figure 3.47 and Table 3.13 show the elemental concentration profiles in the a 2 lamellae 
of the 2000-hour aged Ti-40Al-5M n alloy. There were minor changes in elemental content 
across the three points within the a 2 lamellae, but the elemental profiles were not indicative 
of any partitioning or segregation taking place in this particular phase, after the 2000 hours of 
thermal ageing. The Laves phases seen in figure 3.45 were analysed using TEM-EDX spots 
in suitably large regions, and their compositions are given in Table 3.11. The data is 
consistent with the 2000-hour aged Ti-40Al-5M n alloy Laves phase analysis from the 
microprobe results in Table 3.10.
TEM-EDX
Laves
E ement at %
Ti Al Mn
black 38.2 27.0 34.8
Table 3.11: TEM EDX data for the black contrast phase (Mn2Ti Laves) analysed in the 
2000-hour aged Ti—40Al-5Mn alloy.
Electron diffraction in the 2000-hour aged Ti-40Al-5M n alloy confirmed the orientation 
relationship between the a 2 andy lamellae, seen as (0002)a2 || {111 }Y in figure 3.48 of the y 
and a 2 electron diffraction patterns and their indexes.
3.5.5 Lamellar Coarsening in aged Ti-40AI-5Mn
Using the methods outlined in Chapter 2, the mean inter-lamellar spacings were 
evaluated. The results are presented in this section.
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Figure 3.44: TEM micrograph of the 2000-hour aged Ti^tOAl-5Mn alloy.
Laves
Figure 3.45: TEM micrograph of the 2000-hour aged Ti-40Al-5M n alloy. An arrow 
points to where a Laves lamella (black contrast) exhibits a groove.
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Figure 3.46: Concentration profiles of Ti, Al and Mn, in y lamellae of the 2000-hour 
aged Ti-40Al-5M n alloy.
position in 
y lamella
Element at %
Ti Al Mn
centre 49.7 46.8 3.5
in between 51.1 45.2 3.7
edge 46.4 47.4 6.2
Table 3.12: TEM EDX analysis of Al, Ti and Mn in y lamellae of the 2000-hour 
aged Ti-40Al-5M n alloy.
1 0 2
Chapter 3: Ti-Al—Mn Alloys Results
Al profile in 0t2 lamellae of 2000hr 
aged Ti-40AI-5Mn
34 -
33
c .<1)
E 32a>a.0 
E
1
31 -
30 -
29
0 1 2  3 4
Centre (1), in-between (2), Edge (3)
Mn profile in a 2 lamellae of 2000hr 
aged Ti-40AI-5Mn
5 -  
4 -
1 -
0 j T T T ,
0 1 2  3 4
Centre (1), in-between (2), Edge (3)
Figure 3.47: Concentration profiles of Ti, Al and Mn in a 2 lamellae o f the 2000-hour 
aged Ti-40Al-5M n alloy.
position in 
a2 lamella
Element at %
Ti Al Mn
centre 66.2 31.4 2.4
in between 65.7 32.3 2.0
edge 65.9 31.2 2 -9
Table 3.13: TEM EDX analysis o f Al, Ti and Mn in the a 2 lamellae of the 2000-hour 
aged Ti-40Al-5M n alloy.
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Figure 3.48: Electron diffraction patterns and their index patterns o f the y, a 2 and combined 
lamellar phases showing the (0002)a 2 1| (11 -1 )y orientation relationship.
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3.5.5.1 Lamellar spacing
The initial X of the fully lamellar Ti-^10Al-5Mn was 1.83 pm and coarsened to 
5.94pm after 2000 hours at 800°C (Table 3.14). The standard deviation shown in the table 
represents the variation in X between the six separate regions o f the specimen surface, where 
different grains were being measured. The variations are attributed to the random nature of 
the a 2/y lamellar orientations when taking measurements at a planar interface. After thermal 
ageing for 500 hours, the Ti-40Al-5M n alloy exhibited a slight increase in X to 1.94pm. 
However, after 1000 hours ageing at 800°C a major increase in X was witnessed, as shown in 
Table 3.14. Figure 3.49 shows the change in the mean interlamellar spacing (X pm) of the 
Ti-40Al-5M n alloy with thermal ageing time. The curve shows little change in X between 
the fully lamellar microstructure and after 500 hours ageing. Between 500 and 1000 hours an 
abrupt increase in the measured value of X was observed, from which point the increase in 
lamellar spacing remained fairly linear up to 2000 hours of ageing.
Ti-40AI-5Mn X (pm) standard deviation r
Fully Lamellar 1.83 0.93 r 0 1.00
500 hours 1.94 0.53 r{ 1.06
1000 hours 3.48 0.42 r 2 1.90
1500 hours 4.63 0.96 r 3 2.53
2000 hours 5.94 0.91 r 4 3.25
Table 3.14: Mean interlamellar spacing (X) of the aged Ti-40Al-5M n alloy.
3„5.5.2 Lamellar coarsening ratio
From the thermal ageing o f the Ti-40Al-5M n alloy, the coarsening ratio for each 
time was calculated. That data is presented in Table 3.14 and in figure 3.50 which includes 
the coarsening ratio rate. The coarsening ratio of the Ti—4-OAl-5Mn alloy increased 
considerably after 500 hours and exhibited a steady profile with its fairly linear increase up to 
2000 hours ageing time. The coarsening ratio between the fully lamellar Ti-40Al-5M n and 
after 500 hours ageing was modest, an increase o f just 0.06. For 1000 hours ageing, a more 
significant coarsening ratio increase o f 0.9 (r2 at 1000 hours) was observed. For 2000-hours 
ageing a more considerable lamellar coarsening ratio of 3.25 (r4) was observed.
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Ti-40AI-5Mn thermal ageing time versus mean lamellar spacing
mean 
spacing
T (p m )
ageing time (hours)
Figure 3.49: Mean interlamellar spacing with thermal ageing time o f the Ti-40Al-5M n alloy. 
Ti-40AI-5Mn ageing time vs lamellar coarsening ratio
coarsening 
ratio, r
Ageing time (hours)
Figure 3.50: Lamellar coarsening ratio with thermal ageing time for the Ti-40Al-5M n alloy.
106
ChapterS: Ti-Al-Mn Alloys Results
3.6 As-received Ti-40AM0Mn
The as-received Ti-40Al-10M n alloy comprised of a dendritic microstructure. The inter­
dendrite areas appeared to range from 5 -20pm in diameter, with some o f the largest 
stretching over 100pm in length and 20 pm in width (figure 3.51). Figure 3.52 is a FEG- 
SEM showing large, slightly elongated darlc-contrast grains around 10-15pm across, all 
surrounded by inter-granular facetted phases of greyish and also light contrast appearance.
EPMA revealed all the phases present in the as-received Ti-40Al-10M n alloy. These are 
shown by figure 3.53 where they are labelled dark, grey-dark, grey-light and light. The grey- 
dark phase area is lamellar two-phase a 2/y. The dark phase grains were 10-15 pm across, as 
in figure 3.52, and the grey-light phase grains were typically 5 - 10pm. The light phase was 
rather small in size and was well distributed almost solely within the grey-light phase grains, 
generally situated at interfaces with other phases such as the dark phase.
EPMA data for this microstructure is presented in Table 3.15. A pattern of decreasing 
aluminium content with increasing manganese content occurs with ascending phase contrast 
(dark to light), again suggesting substitution of Al by Mn atoms. The overall composition 
showed no major disparities from the nominal composition, the maximum difference was in 
the Mn content. Figure 3.54 is the EDX spectrum of a large area scan o f the as-received T i- 
40Al-10Mn alloy.
Area / Phase
E ement at %
Ti Al Mn
large area 50.6 40.4 9.0
dark 49.6 45.3 5.1
grey-dark 51.0 40.6 8.4
grey-light 56.4 31.7 11.9
light 39.2 32.3 28.5
Table 3.15. EDX data o f the as-received Ti-40Al-10M n alloy.
Figure 3.55 is an X-ray diffractogram for the as-received Ti-40Al-10M n alloy containing 
peaks of the y, a 2, p and Laves phases. The data associated with this diffractogram is given in 
the Appendix (Table A8).
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Figure 3.51 Light micrograph of the as-received Ti-40Al-10Mn alloy.
Figure 3.52: FEG-SEM secondary electron micrograph of the as-received 
Ti-40Al-10M n alloy.
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Figure 3.53: EPMA backscatter electron image o f  the as-received Ti-40Al-10M n alloy.
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Figure 3.54: EDX spectrum of large area analysis of the as-received Ti^lOAl-lOMn alloy.
In order of increasing Mn content, the dark, grey-dark, grey-light and light phases in 
Table 3.15 were identified as y, a 2, p and Laves respectively. The observations bared 
similarities to the Ti-40Al-5M n alloy, although with different phase volume amounts.
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Figure 3.55: X-ray diffractogram of the as-received Ti-40Al-10M n alloy.
3.7 Ti-40AM0Mn heat treated at 1200°C
After heat treatment of the Ti-40Al-10M n alloy at 1200°C for 4 hours, the 
microstructure consisted of a mixture of lamellar and equiaxed grain regions and could 
therefore best be described as being duplex. Figure 3.56 shows some 40pm lamellar equiaxed 
grains along with other large, discontinuous and elongated single-phase grains. Between 
these larger grains are discontinuous and generally rounded light contrast grains of only a 
few microns size, which are scattered along the boundaries.
Figure 3.57 shows further details of the duplex nature of the microstructure. The light- 
contrast phase is quite prominent, between the large dark-contrast phase and the lamellar 
grains. Figure 3.58 at higher magnification details better the phases that were present such as 
the lamellar portion, intersecting apparently three different single-phase grains exhibiting 
dark, medium and light contrast. These single-phase grains were generally facetted, 
discontinuous and non-equiaxed with the exception of the darkest phase, y.
Figure 3.59 shows that the y volume fraction was high and that this phase dominated the 
lamellar formation. The lighter phase lamellae (a 2) were quite thin, almost strand-like,
1 1 0
Chapter3: Ti-Al-Mn Alloys Results
compared to the broad darker phase (y) lamellae. The EPMA results of the phases shown in 
figure 3.60 are presented in Table 3.16. The data shows that Al is being substituted by Mn as 
the phase contrast ascends from dark to light. Additionally, no major disparity was found 
between the large area analysis and the nominal alloy composition.
Figure
Area / Phase 
large area 
dark 
grey-dark 
grey-light 
light
Ti
50.1 
48.5
58.2
57.2 
36.8
ement at %
Al
40.6
46.5 
35.2
28.6 
30.1
Mn
9.3
5.1
6.6
14.2
33.2
Table 3.16: D X  data of the p lases in the 1200°C heat treatec Ti-40Al-10M n alloy.
X-ray diffraction was used to confirm the identity of the phases in the 1200°C heat 
treated Ti—10Al-10Mn alloy and the X-ray diffractogram is given in figure 3.61, with 
corresponding data in Table A9 in the Appendix. XRD confirmed the presence of the y, 
a 2, (3 and Laves phases, which correspond to the dark, grey-dark, grey-light and light phases.
3.56: Light micrograph of the 1200°C heat treated Ti-40Al-10M n alloy exhibiting 
a duplex microstructure.
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Figure
Figure 3.58: EPMA backscatter electron micrograph o f the 1200°C heat treated 
Ti-40Al-10Mn alloy showing a region containing part lamellar, 
part dark, grey-dark, grey-light and light contrast phases.
3.57;EPMA backscatter electron micrograph o f the 1200°C heat treated 
Ti-^40Al-10Mn alloy exhibiting a duplex microstructure o f lamellar 
and dark contrast grains, bordered by light-contrast facetted grains.
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Figure 3.59: FEG-SEM secondary electron micrograph revealing the nature o f the 
lamellar formation in the 1200°C heat treated Ti^lOAl-lOMn alloy.
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Figure 3.60: EPMA backscatter electron image o f the analysed phases in the 
1200°C heat treated Ti-40Al-10M n alloy.
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Figure 3.61: X-ray diffractogram of the 1200°C heat treated Ti-40Al-10M n alloy.
3.8 Ti-40AI-10Mn heat treated at 1300°C: Fully Lamellar
The heat treatment at 1200°C for 4 hours did not produce a fully lamellar microstructure. 
In order to transform the Ti-40Al-10M n microstructure into a fully lamellar one, a heat 
treatment temperature at 1300°C for 6 hours followed by furnace cooling to room 
temperature was used. The Ti-40Al-10M n alloy specimens were then examined following 
the same routine as for the fully lamellar Ti-40Al-5M n alloy. Figure 3.62 is a light 
micrograph of the fully lamellar Ti-40Al-10Mn. Figure 3.63 shows fairly fine a 2/y lamellar 
colonies measuring ~ 200pm across, meeting at boundaries where small and fragmented 
precipitate particles of a light-contrast phase exist.
Figure 3.64 shows details of the lamellar colony boundaries, containing light-contrast 
phases that are either elongated or rounded, and facetted and discontinuous along the 
boundaries of the fully lamellar a 2/y grains. Figure 3.65 shows in greater detail these light 
contrast phase grains, seen at the tips of a 2 or y lamellae. There are also relatively large y 
terminations at the boundaries. Both the light-contrast precipitates and the y lamella 
terminations at boundaries could possibly serve as precursors to any eventual microstructural 
coarsening during thermal ageing treatment.
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Figure 3.62: Light micrograph of the 1300°C fully lamellar Ti^lOAl-lOMn alloy.
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Figure 3.63: EPMA backscatter electron micrograph of the 1300°C fully lamellar 
Ti—40Al-10Mn alloy.
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Figure 3.64: EPMA backscatter electron micrograph of the 1300°C fully lamellar 
Ti-40Al-10Mn alloy, showing a colony boundary triple-point.
30[jm
Figure 3.65: EPMA backscatter electron micrograph of the 1300°C fully lamellar 
Ti^lOAl-lOMn alloy, depicting a colony boundary in finer detail.
116
Chapter3: Ti-Al-Mn Alloys Results
Area / Phase
E ement at % phase
identityTi Al Mn
large area 50.3 40.6 9.1
dark 48.1 47.2 4.7 y
grey-dark 58.1 35.5 6.4 a2
grey-light 57.6 29.2 13.2 p
Table 3.17: EPMA data for the 1300°C fully lamellar Ti-40Al-10M n alloy.
EPMA data for the fully lamellar Ti-40Al-10M n alloy is given in Table 3.17. The three 
phases, referred to as dark, grey-dark and grey light were measured and found to correlate to 
the y, (X2 and P phases respectively. XRD confirmed the presence of the y, a 2 and p phases, 
but also detected just one peak relating to the Laves (Mn2Ti) phase, seen in figure 3.66 with 
corresponding data in the Appendix (Table A 10). Since the Laves phase was not observed in 
the primary method o f analysis (EPMA) it was not present in any consequential amount.
Degrees 2-theta
Figure 3.66: X-ray diffractogram of the 1300°C fully lamellar Ti-40Al-10M n alloy.
The fully lamellar Ti-40Al-10M n alloy morphology is shown in the TEM micrograph in 
figure 3.67. Apart from the odd “Y”-junction where a lamellar lath is seen to split into two 
(marked by arrows), the image shows that lamellae were largely planar and continuous, 
although a few laths had partially curving or distorted interfaces in figure 3.68.
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TEM-EDX analyses in the y and a 2 lamellae of the folly lamellar Ti-40Al-10Mn alloy 
is given in figure 3.69 and Table 3.18 for the y lamellae, and figure 3.70 and Table 3.19 for 
the a 2 lamellae. The Mn profile in the y lamellae shows that there was no variation in Mn 
concentration across y lamellae. At the edge of the y lamellae there was a noticeable 
reduction in the concentration of Al, and an increase in the concentration of Ti.
In the a 2 lamellae of the folly lamellar Ti-40Al-10Mn alloy, the Al and Ti profiles 
showed an increase and decrease of the elemental concentrations between the centre and the 
edge of the lamellae. The Mn profile for the a 2 lamellae showed no significant change across 
the a 2 lamellae. The elemental profiles for the folly lamellar Ti-40Al-10Mn alloy generally 
resembled those of the folly lamellar Ti-40Al-5Mn alloy.
3.9 Thermally aged Ti-40AI-10Mn
The following sections present the results of microstructural analysis of folly lamellar 
Ti-40Al-10Mn alloy samples (Section 3.8) that had subsequently undergone isothermal 
ageing at 800°C for 500, 1000, 1500 and 2000 hours ageing time. EPMA analysis was used 
in deducing what phases were present in the thermally aged microstructures. Care was taken 
when analysing small precipitates or lamellar regions due to the electron beam interaction 
area with neighbouring phases, -5 pm phase width was required to ensure a reliable EDX 
analysis. X-ray diffraction was a complimentary analysis method as it helped to confirm what 
was seen in the EPMA. TEM analysis was conducted only on the 2000 hours-aged Ti-40A1- 
lOMn alloy (Section 3.9.4).
3.9.1 Ageing at 800°C for 500 hours
Figure 3.71 is a light micrograph of the 500-hour aged alloy, revealing the extent of 
morphological changes that had taken place, from the originally fully lamellar 
microstructure. Large discontinuous and elongated grains, small particulate and globular 
grains were seen in the microstructure, but crucially at the expense of significantly 
diminished fully lamellar grains. Figure 3.72 shows a degenerated, initially fully lamellar 
a 2/y microstmcture now comprising largely of a y phase core surrounded by small and 
discontinuous, facetted grains of grey-dark contrast (a2) and grey-light contrast (p).
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Figure 3.68: TEM micrograph of the 1300°C fully lamellar Ti—JOAl-lOMn alloy. 
(Digital image from GIF).
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Figure 3.69: Concentration profiles of Ti, Al and Mn in y lamellae of the 1300°C fully 
lamellar Ti-40Al-10M n alloy
position in 
y lamella
Element at %
Ti Al Mn
centre 48.5 47.4 4.1
in between 49.3 47.1 3.6
edge 51.6 44.5 3.9
Table 3.18: TEM EDX analysis of Ti, Al and Mn in the y lamellae o f the 1300°C fully 
lamellar Ti-40Al-10M n alloy.
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Figure 3.70: Concentration profiles of Ti, Al and Mn in a 2 lamellae o f the 1300°C fully 
lamellar Ti-40Al-10M n alloy.
position in 
a2 lamella
Element at %
Ti Al Mn !
centre 60.9 33.9 5.2
in between 58.8 36.4 4.8
edge 55.2 38.7 6.1
Table 3.19: TEM EDX analysis of Ti, Al and Mn in the a 2 lamellae of the 1300°C fully 
lamellar Ti-40Al-10M n alloy.
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In figure 3.73 it is seen that at the tips of the a 2/y lamellar colonies, light contrast grains 
appear to have formed. These could be the growth product of the prior precipitates seen at the 
lamellar terminations in the fully lamellar Ti-40Al-10M n alloy (figure 3.65).
Details of the a 2/y lamellar microstructure are seen in figure 3.74 where the lamellae 
exhibit a fairly thin morphology, in particular the a 2 lamellae, which are fragmented and 
serrated in just a few places. There appears to be the emergence of a “lining” on the 
boundaries of some a 2 lamellae in figure 3.74, most likely due to Mn partitioning following 
thermal ageing, whereby a light-contrast phase evolved at the a 2/y lamellar boundaries.
Figure 3.71: Light micrograph of the 500-hour aged Ti-40Al-10Mn showing small lamellar 
a 2/y phase regions and a significant amount of light-contrast grains.
Area / Phase
E ement at % phase
identityTi Al Mn
large area 50.8 41.2 8.0
dark 49.2 46.2 4.6 y
grey-dark 64.8 32.3 2.9 a2
grey-light 54.8 26.9 18.3 P
light 37.1 27.9 35.0 Laves
Table 3.20: EPMA data for the 500-hour aged Ti-40Al-10Mn alloy.
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Figure 3.72: EPMA backscatter electron micrograph of the 500-hour aged Ti-40Al-10Mn 
alloy, displaying thinned and fragmented lamellar colonies.
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Figure 3.73: EPMA backscatter electron micrograph of the 500-hour aged Ti-40Al-10Mn 
alloy, displaying discontinuous, elongated and facetted grains 
around a lamellar colony.
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Figure 3.74: EPMA backscatter electron micrograph of the 500-hour aged Ti-40Al-10Mn 
alloy lamellar morphology.
Table 3.20 gives the EPMA results for the 500-hour aged Ti-40Al-10M n alloy. 
Significant differences in phase compositions were seen between the fully lamellar and 500- 
hours aged samples. The a 2 phase showed a major increase in Ti concentration and decrease 
in Al and Mn. The Ti and Al concentration in the (3 phase decreased after 500-hours ageing 
and a sizable increase in Mn was seen in this phase. This suggests a shift towards the 
equilibrium composition of the alloy whereby Mn rich phases such as Laves begin to form. 
The Laves phase was now observed in the 500-hour aged Ti-40Al-10M n alloy. The X-ray 
diffractogram seen in figure 3.75 confirmed the presence of the y, a 2, |3 and Laves phases 
seen in the EPMA, with corresponding data in the Appendix (Table A ll) .
3.9.2 Ageing at 800°C for 1000 hours
Figure 3.76 shows that after ageing for 1000 hours the lamellar regions were further 
reduced and the microstructure consisted of a combination of different single phase and 
discontinuous grains, alongside lamellar regions or colonies that were fairly sporadic and 
limited amongst the overall microstructure. The backscatter electron micrograph in figure 
3.77 shows the single phase y grains of varying shape and size and inter-dispersed
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Y
D egrees 2-0
Figure 3.75: X-ray diffractogram of the 500-hour aged Ti-40Al-10M n alloy.
light-contrast phases alongside a 2/y lamellar regions. The light contrast phases seemed to be 
of considerable volume fraction, suggesting that Mn partitioning continued during thermal 
ageing. The fine a 2/y lamellar microstructure appears to be somewhat thinned and fragmented 
in figure 3.78, and contains Laves phase “strands” and precipitates, seen as light contrast 
lamellar-type formations. Figure 3.78 does suggest that Mn had migrated to the end tips of 
the a 2 lamellae, or to the boundaries of lamellar colonies, transforming what would have 
initially been (3 into the Mn2Ti Laves phase. Small needle-like phases are seen (circled) that 
appear to be renucleated a 2 phase on different (111) planes of the y matrix.
These light contrast phases and strands are shown in closer detail in figure 3.79. Some of 
the a 2 lamellae appear to have transformed into the light-contrast phases. It should again be 
noticed how some lamellae appear to be light contrast Laves, compared to the grey-dark a 2 
lamellae (and dark y lamellae). Table 3.21 gives EMPA data for the 1000-hour aged Ti— 
40Al-10Mn alloy. The results were consistent with the 500-hour aged alloy with no 
significant differences in the compositions of the phases and large area scan. XRD analysis 
confirmed the presence of y, a 2> (3 and Laves (figure 3.80), with corresponding data in the 
Appendix (Table A 12).
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Figure 3.76: Light micrograph of the 1000-hour aged Ti^40Al-10Mn alloy.
50pm 1
Figure 3.77: EPMA backscatter electron micrograph of the 1000-hour aged T-AOAl-lOMn 
alloy showing y grains amongst smaller fragmented a 2, P and Laves grains, 
precipitates and reduced a 2/y regions.
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Figure 3.78: EPMA backscatter electron micrograph of the 1000-hour aged Ti-40Al-10Mn 
alloy, showing Laves phase strands in the a 2/y lamellar microstructure.
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Figure 3.79: EPMA backscatter electron micrograph of the 1000 hour aged Ti-40Al-10Mn 
alloy showing details of the a 2/y lamellar morphology.
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Area / Phase
E ement at % phase
identityTi Al Mn
large area 50.6 41.5 7.9
dark 49.6 45.7 4.7 y •
grey-dark 65.3 31.8 2.9 a2
grey-light 55.3 27.3 17.4 P
light 36.9 27.7 35.4 Laves
Table 3.21: EPMA data of the 1000-hour aged Ti-40Al-10M n alloy.
Figure 3.80: X-ray diffractogram of the 1000-hour aged Ti-40Al-10M n alloy.
3.9.3 Ageing at 800°C for 1500 hours
The overall microstructure consisted of very sparse, narrow lamellar regions scattered 
around a largely fragmented granular microstructure (figure 3.81). Less of the a 2/y lamellar 
regions were found in the 1500-hour aged Ti-40Al-10Mn, and it appears that the lamellar 
colonies had been consumed by the formation o f Laves, this time with further clustering and 
consolidation of the individual precipitates, as seen in figures 3.82 and 3.83. The remaining 
a 2/y lamellar regions were separated by a 2/ Laves clusters. The microstructure would suggest
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that the consumption of the a 2/y lamellar regions was accompanied by further Mn 
partitioning during thermal ageing at this prolonged ageing time.
Looking more closely at the a 2/y lamellar morphology, figure 3.84 shows a Laves phase 
(light contrast) strand practically forming a lamella itself, overlapping what was previously 
an a 2 lamella. There were clear signs o f lamellar dissolution in terms of the thinned, 
fragmented and consumed a 2 lamellae. Needle-like precipitates were again seen that 
appeared to be a 2 phase renucleation lamella on alternate (111) planes in the y matrix. These 
features were impossible to analyse in the EPMA due to their extremely fine dimensions.
Table 3.22 gives the EPMA results of the dark, grey-dark, grey-light and light phases in 
the 1500-hour aged TXlOAl-lOMn alloy. There were no significant differences in the phase 
compositions between the 1000-hours and 1500-hours aged alloys, apart from a slight 
decrease in the Mn content of the p phase in the 1500-hour aged Ti-40Al-10M n alloy. The 
X-ray diffractogram in figure 3.85 confirmed the presence of the y, a 2) p and Laves phases 
seen in the EPMA results, with corresponding data given the Appendix (Table A 13).
Figure 3.81: Light micrograph of the 1500-hour aged Ti-40Al-10M n alloy, showing the 
typical microstructure, narrow and sparse a 2/y lamellar regions.
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Figure 3.83: EPMA backscatter electron micrograph of the 1500 hour aged Ti-40Al-10Mn 
alloy showing clustered a 2 and Laves phases between a 2/y lamellar regions. 
There are also many fine needle-like precipitates seen within the y matrix.
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3.82: EPMA backscatter electron micrograph of the 1500-hour aged Ti-40Al-10Mn 
alloy.
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Figure 3.84: EPMA backscatter electron micrograph of the 1500-hour aged Ti-40Al-10Mn 
alloy Laves strands that appear to overlap prior a 2 lamella.
Area / Phase
Eement at % phase
identityTi Al Mn
large area 50.6 40.9 8.5
dark 49.6 45.8 4.6 y
grey-dark 65.1 32.3 2.6 a 2
grey-light 56.3 28.5 15.2 P
light 36.8 28.8 34.4 Laves
Table 3.22: EPMA data for the 1500-hour aged Ti-40Al-10Mn alloy.
3.9.4 Ageing at 800°C for 2000 hours
After the longest thermal ageing treatment for 2000 hours, the Ti^t0Al-10M n alloy 
had undergone further significant morphological changes. The microstructure was nearly 
devoid of a 2/y lamellar regions and comprised largely of discontinuous and rounded grains, 
with very small interweaved a 2/y lamellar regions (figure 3.86). By closer examination in the
EPMA, the microstructure was observed to be a mixture of a 2 and Laves clusters, with
irregular and facetted morphology that were conjoined to fragmented and discontinuous a 2/y 
lamellar regions, all within or amongst a y - matrix (figures 3.87 and 3.88). This formation
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Figure 3.85: X-ray diffractogram of the 1500-hour aged Ti-40Al-10M n alloy.
could be the result of Mn partitioning to the ends of a lamellar colony, whereby the Laves 
phases formed, and the coarsening of a 2 lamellae forming stubby and broad clusters at the 
tips o f the lamellar region.
In figure 3.89 the a 2/y lamellae appear thinned and serrated. There are also some strands 
of a light-contrast phase running parallel or even overlapping prior a 2 lamellae. It would 
appear that the a 2 lamellae consumption was brought about by a coarsening mechanism 
whereby the a 2 clusters and irregular shaped grains were formed at the ends of a colony. In 
Chapter 5 we will examine the possible processes that may have led to the microstructural 
and morphological transformations that were observed in the Ti-40Al-10M n alloys.
Table 3.23 gives the EPMA results for the 2000-hour aged Ti-40Al-10M n alloy. The 
results are consistent with the 1500-hour aged phase analysis, however it was not possible to 
see the (3 phase in the 2000-hour aged sample. It may have been further consumed by the 
transformation to the Laves phase. The X-ray diffractogram in figure 3.90 confirmed the 
presence of the y, a 2 and Laves phase from Table 3.23, but also recorded two (3 phase peaks, 
although this was not seen in EPMA analysis meaning it may have been the remnant or trace 
amounts that did not undergo transformation to the Laves phase. XRD data corresponding to 
figure 3.90 is given in the Appendix (Table A14).
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Figure 3.86: Light micrograph of the 2000-hour aged Ti-40Al-10M n alloy.
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Figure 3.87: EPMA backscatter electron micrograph o f the 2000-hour aged 
Ti-40Al-10M n alloy.
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Figure 3.89: EPMA backscatter electron micrograph of the 2000 hour-aged Ti-40A1- 
lOMn alloy, showing a thinned and serrated a 2/y lamellar morphology, 
with Laves lamellae sometimes integrated with a 2 lamellae.
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3.88: EPMA backscatter electron micrograph of the 2000-hour aged Ti-40A1- 
lOMn alloy showing the ends of a lamellar colony to terminate on 
coarsened clusters o f a 2 and Laves.
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Area / Phase
E ement at % phase
identityTi Al Mn
large area 50.4 41.2 8.4
dark 51.5 44.2 4.3 Y
grey-dark 65.5 31.8 2.7 a 2
light 36.8 28.1 35.1 Laves
Table 3.23: EPMA data for the 2000-hour aged Ti-40Al-10M n alloy.
Figure 3.90: X-ray diffractogram of the 2000-hour aged Ti-40Al-10M n alloy.
Figures 3.91 and 3.92 are TEM micrographs of the 2000-hour aged Ti-40Al-10M n alloy, 
showing the lamellar morphology in its degenerated state. The micrographs show the part- 
transformation of a 2 lamellae to wider Laves lamellae, staggered parallel to the original a 2 
laths. The Laves morphology sometimes seemed to have rounded edges (shown by arrow), in 
figure 3.91. TEM-EDX results of the Laves phases are given in Table 3.24. There were 
differences compared to the results from the EPMA analysis of Laves in the 2000-hour aged 
Ti-40A1-1 OMn alloy. The Al content of the Laves phase measured in the TEM was higher 
than from the EPMA, although such differences can be attributed to the highly localised 
space of TEM observations compared to the large regions in EMPA.
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TEM-EDX
Laves
E ement at %
Ti Al Mn
black 34.5 31.1 34.4
Table 3.24: TEM EDX data for the Laves phase in the 2000-hour aged Ti-40A 
alloy.
-lOMn
The elemental profiles in the y lamellae of the 2000 hour-aged Ti^tOAl-lOMn alloy are 
shown in figure 3.93 and Table 3.25. As was the case for the 2000 hour-aged Ti-40Al-5M n 
alloy, very minor changes were observed in Al and Ti concentration between the centre and 
the edge of the lamellae, with Al decreasing by 1.4 at %. The Mn concentration seemed to 
increase toward the y lamellar edges.
No significant variations were seen in Ti, Al and Mn concentrations in the a 2 lamellae of 
the 2000 hour aged Ti-40A1—lOMn alloy (figure 3.94 and Table 3.26). Overall there were no 
conclusive indications that segregation of elements was a feature o f the 2000 hour aged T i- 
40Al-10Mn a 2 lamellae. Homogeneity of the a 2 phase was an apparent trait following the 
long-term isothermal ageing of fully lamellar TM 0A l-5M n and Ti-40Al-10M n alloys.
Figure 3.91: TEM micrograph of the 2000-hour aged Ti-40Al-10Mn alloy.
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Figure 3.92: TEM micrograph of the 2000-hour aged Ti^tOAl-lOMn alloy.
(From GIF digital imaging).
3.9.5 Lamellar coarsening in aged Ti-40AI-10Mn
Using the methods outlined in Chapter 2, the mean interlamellar spacings (A,) were 
evaluated. The results are presented in this section.
3.9.5.1 Lamellar spacing
The starting value of the X in the fully lamellar Ti-40Al-10M n alloy was 2.75pm 
with a standard deviation of 0.62. Table 3.27 and figure 3.95 give the mean X values for up to 
2000 hours thermal ageing time. Little change in X was measured between the initial fully 
lamellar condition and after 500 hours of thermal ageing, where the X was 2.93pm. However 
between 500 and 1000 hours, a more significant increase was observed whereby the X had 
increased by 1pm to 3.93pm. After 1500 hours the X had increased slightly to 4.01pm. 
Finally, after 2000 hours of thermal ageing the X was 4.37pm. The graph in figure 3.95 
shows that the lamellar spacing increased between the 500 and 1000 hours of ageing.
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Figure 3.93: Concentration profiles of Ti, Al and Mn in y lamellae of the 2000-hour 
aged Ti-40Al-10M n alloy.
position in 
y lamella
Element at %
Ti Al Mn
centre 50.6 45.3 4.1
in between 51.2 44.3 4.5
edge 50.7 43.9 5.4
Table 3.25: TEM EDX analysis o f Ti, Al and Mn in y lamellae of the 2000-hour aged 
Ti-40Al-10M n alloy.
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Figure 3.94: Concentration profiles of Ti, Al and Mn in a 2 lamellae of the 2000-hour 
aged Ti—40Al-10Mn alloy.
position in 
a2 lamella
Element at %
Ti Al Mn
centre 65.8 31.2 3.0 1
in between 65.9 31.5 2.6
edge 66.8 30.3 2.9
Table 3.26: TEM EDX analysis of Ti, Al and Mn in a 2 lamellae o f the 2000-hour aged 
Ti-40Al-10M n alloy.
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Ti-40AI-10Mn X (pm) standard deviation r
Fully Lamellar 2.75 0.62 r0 1.00
500 hours 2.93 0.59 i*! 1.07
1000 hours 3.93 0.43 r2 1.43
1500 hours 4.01 0.29 r3 1.46
2000 hours 4.37 0.45 r4 1.59
Table 3.27: Mean inter lamellar spacing of the aged Ti-40Al-10M n alloy.
Ti-40AI-10Mn thermal ageing time versus mean lamellar spacing
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Figure 3.95: Graph representing mean interlamellar spacing with thermal ageing time in the 
Ti-40Al-10M n alloy.
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S.9.5.2 Lamellar coarsening ratio
The coarsening ratio of the fully lamellar Ti-40Al-10M n alloy is shown in the 
graph in figure 3.96 with rates of increase for the different parts of the curve, and the data is 
given in Table 3.27. A more marked increase in coarsening rate appeared after 500 hours 
thermal ageing. Overall the coarsening rate was not as steady as for the Ti-40Al-5M n alloy, 
however the increase in lamellar coarsening ratio over its entirety was not as great in the Ti— 
40Al-10Mn alloy: r4 at the longest thermal ageing time had increased by only 0.59 (i.e. r4 = 
1.59).
Ti-40AI-10Mn ageing time versus lamellar coarsening ratio
Coarsen­
ing ratio
(r)
Ageing Time (hours)
Figure 3.96: Graph representing lamellar coarsening ratio with thermal ageing time in the 
Ti-40Al-10M n alloy.
141
Chapter 4: Ti-47Al-4(Nb, Mn, Cr, Si, B) Alloy Results
Chapter 4: The Ti-47AI-4(Nb, Mn, Cr, Si, B) alloy: Results 
4.1 Introduction
This chapter will present the results of the microstructural characterisation of the y-TAB 
Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy in the as-received, heat treated and thermally aged 
conditions. The results o f the as-received Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy are presented 
in Section 4.2. The results for the fully lamellar and thermally aged microstructures are 
presented in Sections 4.3 and 4.4.
4.2 As-received Ti-47 AI-4(Nb, Mn, Cr, Si, B) alloy
Observations of the as-received Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy revealed some key 
features, raised from the specimen surface after a mild etching (to benefit from the 
topographic contrast of the d.i.c light microscope). Figure 4.1 exhibits these “lace-like” 
features measuring between 50pm and 100pm in length. As reported by several authors that 
have commented on the lace or stringer formations in boron-containing TiAl alloys (Section 
1.4.1) these lace like features were borides. Further moderated etching was done in order to 
reveal the full extent of the microstructure of the as-received alloy. Figure 4.2 reveals a 
mixture of apparently very-fine lamellar continuous columns (upper half o f light micrograph) 
o f several hundred microns across, along with what appears to be single-phase facetted and 
discontinuous grains of 100pm in size that appear non-lamellar in contrast.
The boride phase laces neatly encircle the grains, as can be seen in figure 4.2. At higher 
magnifications in secondary electron imaging mode, very fine boride stringers were seen 
(20~30pm long; high aspect ratio) amongst a dark-contrast continuous matrix phase (figure 
4.3). A lighter contrast phase was also observed, generally in the form of terminated 
discontinuous lamellae, seen in the lower left quarter in figure 4.3.
Table 4.1 and figure 4.4 present the EPMA data for the as-received Ti-74Al-4(Nb, Mn, 
Cr, Si, B) alloy and the phases in figure 4.3. The grey-dark phase was not easy to analyse due 
to the generally thin nature of the lamellae so wider lamellae were found in the 
microstructure to maintain accuracy in the analysis. The borides could not be analysed using 
EPMA. From the analysis results of the as-received alloy it can be deduced that the dark and 
grey-dark phases were the y and oc2 phases, respectively. The actual composition was in very
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Figure 4.1: Light micrograph of the as-received Ti—47Al-4(Nb, Mn, Cr, Si, B) alloy 
where mild etching revealed boride laces, standing proud from the surface.
Figure 4.2: Light micrograph of the as-received Ti-47Al-4(Nb, Mn, Cr, Si, B) 
alloy with further etching to expose the lamellar microstructure.
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good agreement with the nominal alloy composition. The only elements not detected by 
EPMA were silicon and boron due to the very low concentrations of Si and B in the T i- 
47Al-4(Nb, Mn, Cr, Si, B) alloy.
TEM studies of the as-received alloy revealed a brightly-contrasting phase formation 
within its y matrix, possessing steeply facetted and planar interfaces with the precipitate 
width at one third of the length (~ 0.45pm), as seen in the TEM bright-field micrograph of 
figure 4.6.
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Borides
Figure 4.3: EPMA secondary electron micrograph of the as-received Ti-47 Al-4(Nb, Mn, 
Cr, Si, B) alloy showing boride stringers.
Area / Phase
Eement at %
Ti Al Nb Mn Cr
large area 49.4 47.1 1.5 1.0 1.0
dark 49.5 46.9 1.5 1.1 1.0
grey-dark 59.2 37.2 1.4 0.9 1.3
Table 4.1: EPMA data for the as-received Ti-47Al-^t(Nb, Mn, Cr, Si B) alloy.
TEM-EDX elemental mapping is shown in figure 4.5, comprising of Al, Si and Ti maps 
of the precipitate phase in question. There is a clear difference in elemental distribution 
between the surrounding matrix phase and the precipitate phase in the Al and Si maps (figure 
4.5), whereas Ti does appear fairly concentrated in the precipitate phase zone.
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cps
Figure 4.4: EDX spectrum of the as-received Ti-47Al-4(Nb, Mn, Cr, Si B) alloy 
corresponding to the large area analysis in Table 4.1.
Quantitative results o f the TEM-EDX mapping from figure 4.5 are given in Table 4.2 and 
figure 4.7. Obviously, both the precipitate phase and the surrounding matrix phase would 
have contributed to the values seen in Table 4.2, but crucially, mapping demonstrated that a 
reasonable amount of silicon does amass in the precipitate phase (figure 4.5).
A boride precipitate is better visualised in figure 4.8, which is a bright-field TEM 
micrograph of the phase in the as-received Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy. Its largely 
planar edges contain step-facets and the entire phase structure measures ~ 2 .0pm in length 
with a width of one-seventh.
Figure 4.9 is a set o f TEM-GIF mapping images of the Ti-B based phase. The top left 
image in figure 4.9 is a thickness map o f the region containing a likely boride structure, with 
this feature running diagonally. The images from top right clockwise to bottom left are EELS 
elemental maps of titanium, boron and aluminium respectively. Figure 4.9 demonstrates how 
boron is amassed and aluminium becomes abruptly void in the region.
Table 4.3 gives the measured atomic ratio of the boride phase using EELS quantitative 
analysis, which is relative to the standard or nominal amount o f 1. Ti was measured to a full 
ratio o f 1:1 whereas Al was measured as 0.2:1 in the analysed area. The remaining 0.8 from 
the Al analysis is presumed to be the boron content. Table 4.4 and figure 4.10 give the TEM- 
EDX analysis results of the boride showing that it is a Ti-high content phase also with 3 at % 
Nb, which is reported to be a strong boride-former and partitions to the borides.
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Figure 4.5: TEM-EDX mapping of the Al, Si and Ti content in the region of a possible T i- 
Si based precipitate in the as-received Ti-47A1—4(Nb, Mn, Cr, Si, B) alloy inside 
a y-matrix. A bright field TEM micrograph corresponding to this silicon phase 
region is given in figure 4.6.
Phase
Element at %
Ti Al Nb Mn Cr Si
Figure 4.6 52.7 32.3 1.1 0.9 2.0 11.0
Table 4.2: TEM-EDX data of the apparent Ti-Si based precipitate seen in figure 4.5 
and figure 4.6 in the as-received T©17Al-4(Nb, Mn, Cr, Si, B) alloy.
The upper part of figure 4.12 shows an EELS spot analysis spectrum of the as-received 
Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy in the vicinity of the presumed boride precipitate 
(figures 4.8 and 4.9), displaying aluminium L 1, 2, 3 edge peaks and titanium L 1, 2 edge 
peaks. The EELS spectrum of the boride itself is seen in the lower part of figure 4.12, where
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a boron K edge onset peak is found at 188eV (reference for figure 4.12 peaks: EELS Atlas, 
Ahn et al, 1983).
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Figure 4.6: Bright field TEM micrograph of an apparent Ti-Si based phase in a y-phase 
matrix in the as-received alloy.
cps
Figure 4.7: TEM-EDX spectrum corresponding to the analysis in Table 4.2.
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Figure 4.8: TEM bright field micrograph of the boride precipitate in the as-received 
Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy.
cps
Figure 4.10: The TEM-EDX spectrum corresponding to the spot analysis given in Table 4.4 
of a boride precipitate feature in figure 4.8.
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Figure 4.9: From top left clockwise: a thickness map, Ti, B and Al mapping of an apparent 
boride precipitate using EELS.
Aluminium Titanium
Atomic Ratio 0.2 +/-0.028 1.0 +/-0.000
Table 4.3: EELS measured relative atomic ratio of Al and Ti in the boride phase in 
figure 4.9.
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Phase E ement at %
Ti Al Nb
Figure 4.8 93.1 3.9 3.0
Table 4.4: TEM-EDX spot analysis in the centre o f the boride feature seen in the 
as-received microstructural feature in figure 4.8.
To complete the identification of phases in the as-received Ti-47Al-4(Nb, Mn, Cr, Si, B) 
alloy, X-ray diffraction analysis was performed, with the diffractogram shown in figure 4.11 
and its corresponding data in the Appendix (Table A 15). It revealed that apart from the 
ct2 and y phases, the TisSi3 and TiB phases were also present.
It is proposed that the precipitate seen and analysed (figure 4.8 and 4.9; Tables 4.3, 4.4; 
figure 4.12) was the TiB phase. The phase depicted by figure 4.5 and figure 4.6 with 
corresponding analysis in Table 4.2 may well be the Ti5Si3 precipitate phase since in titanium 
silicides Al substitutes for Si (see also Section 1.4.2.1).
Figure 4.11: X-ray diffractogram of the as-received Ti-47Al-4(Nb, Mn, Cr, Si B) alloy.
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Figure 4.12: Low-loss EELS spectra for Al and Ti n the matrix and spectra from the boride 
phase containing a B edge onset at 188eV.
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4.3 Fully lamellar T i-4 7 A I-4 (N b , Mn, Cr, Si, B)
Fully lamellar Ti-47Al-4(Nb, Mn, Cr, Si, B) was produced by the heat treatment 
described in Chapter 2. Figures 4.13 and 4.14 are light micrographs of the fully lamellar alloy 
showing the overall microstructure to comprise of fairly equiaxed colonies. What appear to 
be boride laces or stringers are faintly visible in figure 4.14.
The fully lamellar microstructure contained broad y lamellae in relation to the a 2 
lamellae, a distinct feature of this alloy (figure 4.15) as well as fine boride stringers that were 
randomly dispersed throughout the microstructure. The y regions are also seen at the grain 
boundaries of the fully lamellar alloy. Further details of the lamellar microstructure are 
shown in figures 4.16 and 4.17.
In figure 4.16 we see uniformly parallel and largely continuous formations of a 2/y 
lamellae with some fragmented a 2 lamellae with bare terminations. In the lower-left comer 
of figure 4.17, a 2 lamellae of various thicknesses can be seen and there appears a grouping of 
three very thin a 2 lamellae that gradually merge into two. It is locations like these that may 
serve as initiation points for subsequent morphological evolution to take place, or greater a 2 
dissolution.
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Figure 4. 13: Light micrograph of the fully lamellar Ti—17Al-4(Nb, Mn, Cr, Si, B) alloy.
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The EPMA data for the fully lamellar alloy is given in Table 4.5. The data was consistent 
with the as-received alloy compositions, with only insignificant variations in the Nb, Mn and 
Cr values. The X-ray diffractogram is given in figure 4.18 with corresponding data in the 
Appendix (Table A 16), containing peaks of the y, a 2> TiB and TisSi3 phases.
Area / Phase
E ement at %
Ti Al Nb Mn Cr
large area 49.3 47.4 1.7 0.7 0.9
dark 47.6 48.9 1.8 0.9 0.8
grey-dark 59.7 35.8 1.5 1.3 1.7
Table 4.5: EPMA data for the fully lamellar Ti-47Al-^l(Nb, Mn, Cr, Si, B) alloy.
Figure 4.14: Light micrograph of the fully lamellar T i^7A l-4(N b, Mn, Cr, Si, B) alloy 
displaying the fully a 2/y lamellar colonies.
Transmission electron microscopy of the lamellar interfaces in the fully lamellar alloy 
showed planar interface ledges of varying height (0.1~0.2pm), see figure 4.19. Lamellar 
interface ledges were discussed briefly in Section 1.2.3.1. Some lamellae exhibited ordered 
domains as seen in figure 4.20.
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Figure 4.15: EPMA backscatter electron micrograph of the fully lamellar Ti-47Al-4(Nb,
Mn, Cr, Si, B) alloy displaying the boride stringers amongst the microstructure.
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Figure 4.16: EPMA backscatter electron micrograph of the fully lamellar Ti-47A1—4(Nb,
Mn, Cr, Si, B) alloy.
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Figure 4.17: EPMA backscatter electron micrograph of the fully lamellar Ti-47A1- 
4(Nb, Mn, Cr, Si, B) alloy revealing varying widths of a 2 lamellae in the 
lamellar microstructure.
Figure 4.18: X-ray diffractogram of the fully lamellar Ti-47Al^l(Nb, Mn, Cr, Si, B) alloy.
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Figures 4.21 and 4.22 are TEM micrographs of the fully lamellar microstructure showing 
continuous and rather broad lamellae 8-10 pm across. Concentration profiles in the y and oc2 
lamellae were measured and the results are presented in figures 4.23, 4.24 and in Tables 4.6 
and 4.7.
Figure 4.23 shows the elemental profiles for Al and Ti (upper part) and for Cr, Mn and 
Nb (lower part) in the y-lamellae of the fully lamellar alloy. A minor shift which is within 
the error o f analysis is seen in the Al and Ti contents, going towards and away respectively to 
the y lamellae edges. It would seem that the concentration trends for Ti and Al in the y 
lamellae are opposite to those detected for the Ti-Al-M n alloys. However, the differences 
are only in the range o f -2  at %, less than those seen in the T i-A l-M n alloys (4-5 at %). The 
elements, Nb, Mn and Cr displayed negligible variations in the y-lamellae of the fully 
lamellar alloy.
The a 2 lamellae displayed segregation behaviour resembling that o f the Ti-Al-M n alloys 
in that a significant change was detected in the composition from the centre to the edges of
Figure 4.19: Bright-field TEM of a a 2/y lamellar boundary possessing a ledged 
interface in the fully lamellar Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy.
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Figure 4.20: Bright-field TEM of order domains in an analysed y lamella from the fully 
lamellar T i-47A M (N b, Mn, Cr, Si, B) alloy.
Figure 4.21: TEM micrograph of the fully lamellar Ti-47Al-4(Nb, Mn, Cr,
Si, B) alloy.
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Figure 4.22: TEM micrograph of the fully lamellar Ti-47Al-4(Nb, Mn, Cr,
Si, B) alloy (from GIF digital imaging).
the lamellae: figure 4.24 and Table 4.7 show that the Al concentration increased at the edges 
of the 0,2 lamellae, and the Ti concentration decreased. The elements Nb, Mn and Cr 
exhibited insignificant concentration variations in the a 2 lamellae. However, the 
concentration of Cr in a 2 was higher than in y and Nb exhibited the opposite behaviour. The 
concentration of Mn did not vary between a 2 and y lamellae.
4.4 Therm ally aged T i-4 7 A I-4 (N b , Mn, Cr, Si, B)
The following sections present the results of microstructural analysis of fully lamellar 
Ti-A7Al-4(Nb, Mn, Cr, Si, B) alloy samples (Section 4.3) that had subsequently undergone 
isothermal ageing at 800°C for 500, 1000, 1500 and 2000 hours ageing time. EPMA analysis 
was used in deducing what phases were present in the thermally aged microstructures. Care 
was taken when analysing lamellar regions due to the electron beam interaction area with 
neighbouring phases, ~5pm phase width was required to ensure a reliable EDX analysis. X- 
ray diffraction was a complimentary method as it did not categorically deduce what phases 
were present, but helped to confirm what was seen in the EPMA. TEM analysis was 
conducted only on the 2000 hours-aged Ti-47Al-4(Nb, Mn, Cr, Si B) alloy (Section 4.4.4).
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Figure 4.23: Concentration profiles of Ti, Al, Nb, Mn and Cr in the y lamellae of the fully 
lamellar Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy.
position in 
Y lamella
E ement at %
Ti Al Nb Mn Cr
centre 48.2 47.9 1.9 1.2 0.8
in between 47.5 48.8 1.7 1.0 1.0
edge 47.2 49.4 1.5 1.0 0.9
Table 4.6: TEM EDX data for the y lamellae in the fully lamellar Ti-47AlX(Nb, Mn, Cr,
Si, B) alloy.
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Figure 4.24: Concentration profiles of Ti, Al, Nb, Mn and Cr in the a 2 lamellae of the fully 
lamellar Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy.
position in 
a2 lamella
E ement at %
Ti Al Nb Mn Cr
centre 66.2 30.7 0.9 0.9 1.3
in between 63.1 33.5 1.2 1.0 1.3
edge 61.9 34.8 1.1 1.0 1.2
Table 4.7: TEM EDX data for the a 2 lamellae in the fully lamellar Ti-47Al-4(Nb, Mn, Cr,
Si, B) alloy.
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4.4.1 Ageing at 800°C for 500 hours
Following thermal ageing for 500 hours at 800°C the fully lamellar TiX7Al-4(Nb, 
Mn, Cr, Si, B) alloy micro structure transformed to one consisting of irregular, mainly 
elongated and discontinuous phases around lamellar colony boundaries (figure 4.25). There 
was also significant coarsening of the lamellar structure.
In figures 4.26 and 4.27 some portions of the lamellar colonies appear to have a 2 
lamellae that were thinned and fragmented. This was partly due to broad and discontinuous 
“pockets” of the y phase emerging in the colonies. These “pockets” are clearly shown in 
figures 4.26 and 4.27 as the dark-contrast phase, whereas the a 2 is represented by the lighter 
contrast, thin lamellae. Numerous boride stringers are distributed around the alloy often 
overlapping the lamellae. These borides were responsible for the scratch lines visible in the 
backscatter electron micrographs, as the TiB stringers sheared off when the specimen surface 
made contact with polishing pads during metallographic preparation.
Figure 4.28 shows an a 2/y lamellar morphology of an un-fragmented portion where the 
a 2 lamellae appear slim or diminished in comparison to the y lamellae. At a point upper-left 
from the centre of the micrograph, an a 2 lamella seemingly splits into two separate lamellae 
at a junction, with one of the split ends fading off and terminating.
Figure 4.25: Light micrograph of the 500-hour aged Ti^t7Al-4(Nb, Mn, Cr, Si, B) alloy.
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Area / Phase
E ement at %
Ti Al Nb Mn Cr
large area 49.7 46.9 1.5 1.0 0.9
Y 49.1 47.6 1.6 0.9 0.8
a2 59.3 36.6 1.3 1.2 1.6
Table 4.8: EPMA data for the 500-hour aged Ti-47Al^t(Nb, Mn, Cr, Si, B) alloy.
Table 4.8 gives the EPMA results for the 500-hour aged alloy. The data was comparable 
to the fully lamellar alloy and there were no significant variations between the two. The Si 
and B content of the phases in the 500 hour aged alloy could not be measured reliably. The 
X-ray diffractogram in figure 4.29 and its corresponding data in the Appendix (Table A 17) 
provided evidence for the presence of y, a 2; TiB and Ti5Si3 phases in the 500 hour-aged T i- 
47Al-4(Nb, Mn, Cr, Si, B) alloy.
200|jm
Figure 4.26: EPMA backscatter electron micrograph of the 500-hour aged Ti-47A1- 
4(Nb, Mn, Cr, Si, B) alloy, showing broad “pockets” of y lamellae along 
with thinned and fragmented lamellae.
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Figure 4.27: EPMA backscatter electron micrograph of the 500-hour aged Ti-47A1-
4(Nb, Mn, Cr, Si, B) alloy, displaying fragmented and thinned a 2 lamellae.
50[jm
Figure 4.28: EPMA backscatter electron micrograph of the 500-hour aged Ti-47Al-4(Nb,
Mn, Cr, Si, B) alloy.
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Figure 4.29: X-ray diffractogram of the 500-hour aged Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy.
4.4.2 Ageing at 800°C for 1000 hours
After 1000 hours at 800°C, morphological evolution had continued. Figure 4.30 
shows somewhat irregularly sized lamellae in certain colonies, and less so in others. Between 
the lamellar colonies the rounded y phase grains had undergone further coarsening. 
Indications that lamellar coarsening and a 2 dissolution had taken place during the 1000 hours 
thermal ageing are seen in figures 4.31 and 4.32, showing thinned or very slim a 2 lamellae 
with boride stringers distributed around the surface of the specimen.
Few of the a 2 (running top-left to bottom-right o f image) had fragmented to become 
discontinuous and had then split or branched off, see figure 4.33. Breaks appeared with 
coarsened stubby ends on a 2 lamellae, as circled in figure 4.33, where a small light-contrast 
phase particle is also seen at the a 2 phase tip (arrowed). Unfortunately, this particle was too 
small to reliably analyse using EPMA, but may possibly have been a TisSis precipitate.
Table 4.9 gives EPMA results for the 1000-hour aged Ti-47Al-4(Nb, Mn, Cr, Si, B) 
alloy. The data was fairly consistent with the 500-hour aged alloy except for a marked 
reduction in the Mn and Cr content of the a 2 phase after 1000-hours ageing. This may be
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Figure 4.31: EPMA backscatter electron micrograph of the 1000-hour aged Ti-47A1- 
4(Nb, Mn, Cr, Si, B) alloy depicting a thinned and serrated microstructure 
with regions of y separating the a 2/y lamellar colonies.
4.30: Light micrograph of the 1000-hour aged Ti-47A1—l(Nb, Mn, Cr, Si, B)
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Figure 4.32: EPMA backscatter electron micrograph of the 1000-hour aged Ti-47A1-
4(Nb, Mn, Cr, Si, B) alloy. Breaks appear in the slim a 2 lamellae and boride 
stringers are distributed randomly in the microstructure.
a2
_____ i
Figure 4.33: EPMA backscatter electron micrograph of the 1000-hour aged Ti-47A1- 
4(Nb, Mn, Cr, Si, B) alloy, where serrated a 2 lamellae display coarsened 
stubby terminations (circled).
possible
Ti5Si3
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attributed to partitioning in the 1000-hours aged sample, exhibiting a loss of Cr and Mn in the 
a 2 phase of the analysed section. The X-ray diffractogram in figure 4.34 and corresponding 
data in the Appendix (Table A18) detected the presence of the y, a 2) TiB and TisSi3 phases in 
the 1000 hour aged microstructure.
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Area / Phase
E ement at %
Ti Al Nb Mn Cr
large area 49.8 46.8 1.5 0.9 1.0
Y 51.2 45.9 1.6 0.6 0.7
a2 59.6 37.3 1.6 0.6 0.9
Table 4.9: EPMA data for the 1000-hour aged Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy.
Figure 4.34: X-ray diffractogram o f the 1000-hour aged Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy.
4.4.3 Ageing at 800°C for 1500 hours
After 1500-hours ageing the microstructure had undergone further morphological 
change and consisted of discontinuous a 2/y lamellar colonies separated by large irregularly 
shaped grains that were not so prominent in the shorter ageing times, see figure 4.35. 
Unfortunately the unavoidable surface scratching interfered with image clarity. It was
167
possible to observe a coarse a 2/y lamellar microstructure that was staggered and serrated with 
large featureless regions of the y phase occupying a significant volume of the overall 
microstructure and with a 2 lamellae being considerably more thinned and fragmented (figures 
4.36 and 4.37) than in the 1000-hour aged condition.
Figure 4.38 shows broken a 2 lamellae (the left half of figure 4.38 displays a lamella 
fragmented into three parts) of varying thicknesses that must have been progressively 
reducing in length. Split parallel lamellae were again noticed, as seen in the shorter ageing 
times. Table 4.10 gives EPMA results for the 1500-hour aged TiX7A l-4(N b, Mn, Cr, Si, B) 
alloy, which was comparable to the 1000-hour aged alloy. The X-ray diffractogram shown in 
figure 4.39 with corresponding data in the Appendix (Table A 19) detected the presence of y, 
oc2, TiB and TisSi3 phases.
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Figure 4.35: Light micrograph of the 1500-hour aged Ti-47A M (N b, Mn, Cr, Si, B) alloy.
4.4.4 Ageing at 800°C for 2000 hours
After 2000 hours at 800°C aged further changes had taken place. In figure 4.40 a 2/y 
lamellar portions of the alloy appear deformed and serrated and large singular-phase areas 
are also present (appearing light in contrast) that overshadow the lamellar colonies.
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200pm
Figure 4.36: EPMA backscatter electron micrograph of the 1500-hour aged Ti-47A1- 
4(Nb, Mn, Cr, Si, B) alloy showing the fragmented a 2/y lamellar 
microstructure with thinned a 2 lamellae.
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Figure 4.37: EPMA backscatter electron micrograph of the 1500-hour aged Ti-47A1-
4(Nb, Mn, Cr, Si, B) alloy.
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Figure 4.38: EPMA backscatter electron micrograph of the 1500-hour aged T i- 
47Al-4(Nb, Mn, Cr, Si, B) alloy with split a 2 parallel lamellae and 
laterally fragmented a 2 lamellae.
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Figure 4.39: X-ray diffractogram of the 1500-hour aged Ti-47AM(Nb, Mn, Cr, Si, B) alloy.
Y
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Area / Phase
E ement at %
Ti Al Nb Mn Cr
large area 49.8 46.6 1.6 1.0 1.0
Y 49.5 47.1 1.5 1.0 0.9
cl2 60.7 35.6 1.4 0.7 1.6
Table 4.10: EDX data for the 1500-hour aged Ti-47Al-^t(Nb, Mn, Cr, Si, B) alloy.
Figure 4.41 shows a coarsened lamellar area and a 2 lamellae that had diminished and 
fragmented among the y phase. Numerous boride stringers are dotted randomly around the 
specimen surface in figure 4.41, seemingly not affected or changed morphologically by the 
thermal ageing, throughout the process. In figure 4.42 there are fairly large spacings between 
lamellae in the upper left corner. Fragmentation of the surviving a 2 lamellae is seen to be 
quite substantial, where broken and terminated a 2 lamellae are evident all around within any 
of the remaining lamellar regions.
Figure 4.40: Light micrograph of the 2000-hour aged Ti-47A M (N b, Mn, Cr, Si, B) 
alloy. Large single-phase grains of a facetted and irregular morphology 
are present among the lamellar colonies.
Figure 4.43 shows the a 2/y lamellar morphology in close view. It shows that after 2000- 
hours ageing some a 2 lamellae had nearly faded entirely, and at least partly diminished along 
their lengths in some locations. Some of the thin parallel lamellae run extremely closely
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Figure 4.41: EPMA backscatter electron micrograph of the 2000-hour aged Ti-47A1- 
4(Nb, Mn, Cr, Si, B) alloy. a 2/y lamellar deterioration is shown with very 
little in the way of a 2 phase content.
Figure 4.42: EPMA backscatter electron micrograph of the 2000-hour aged Ti-47A1-
4(Nb, Mn, Cr, Si, B) alloy, displaying fairly large spacings between lamellae 
in the upper left comer. a 2 dissolution is seen to be quite substantial.
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Figure 4.43: EPMA backscatter electron micrograph of the 2000-hour aged 
Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy, showing numerous points 
where termination migration in a 2 lamellae may have ensued.
together, and it may have been that some thinned individual a 2 lamellae had formed out of 
one large and broad lamellae during the course of thermal ageing, a phenomenon observed 
by Huang et al (2000). These features were also observed in the two thermal ageing levels of 
1500 and 1000 hours of the Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy.
Area / Phase
E ement at %
Ti Al Nb Mn Cr
large area 49.7 47.0 1.5 1.0 0.8
Y 48.8 48.3 1.4 0.8 0.7
a2 61.1 35.2 1.6 0.9 1.2
Table 4.11: EPMA data for the 2000-hour aged Ti-47Al-4(Nb, Mn, Cr, Si, B)
Table 4.11 gives the EPMA results for the 2000-hour aged Ti-47Al-4(Nb, Mn, Cr, Si, B) 
alloy, which was consistent with the 1500-hour aged sample. The X-ray diffractogram seen 
in figure 4.44 with its corresponding data in the Appendix (Table A20) detected the presence 
of the y, a 2> TiB and TisSi3 phases.
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Figure 4.44: X-ray diffractogram of the 2000-hour aged Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy.
Figure 4.45 is a TEM micrograph of the 2000-hour aged alloy depicting the very thin a 2 
and wide y lamellae. Although the a 2/y lamellar interfaces appear planar in this image, at 
higher magnifications the microstructure comprised of a mixture o f retained linear and 
fragmented or distorted a 2/y lamellar interfaces. Figure 4.46 shows a terminated a 2 lamella 
(marked by an arrow) that is surrounded by y phase lamellae. The flat planar termination of 
the a 2 lamella lies at the top right-hand corner o f the image in figure 4.46.
Figure 4.47 gives the elemental profiles for the y lamellae in the 2000-hour aged alloy. 
Changes were observed in the Al and Ti contents across the three analysis points: the Al 
profile rises slightly from the centre to in-between, and decreases at the edge of the y 
lamellae where the Al content is lower by 1.9 at % than in the centre position. The Ti content 
also changes slightly between the centre and in-between position and increases at the edge by 
~2.8 at % compared to the in-between position. In the y lamellae of the 2000-hour aged alloy, 
the concentration profiles of Nb, Mn and Cr were essentially unchanged with the possibility 
of lower concentration in the in-between position (Table 4.12).
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Figure 4.45: TEM micrograph of the 2000-hour aged Ti-47A M (N b, Mn, Cr 
Si, B) alloy revealing very thin a 2 planar and wide y lamellae.
Figure 4.46: TEM micrograph of the 2000 hour aged Ti^t7A lX (N b, Mn, Cr
Si, B) alloy showing an a 2/y lamellar boundary (GIF digital image).
175
Chapter 4: Ti-47Al-4(Nb, Mn, Cr, Si, B) Alloy Results
In the cx2 lamellae the elements Nb, Mn and Cr had also constant profiles with the 
possibility of a slight increase in the in-between position. The Al and Ti concentration 
profiles in a 2 were opposite to those in the y lamellae (figure 4.48). The Al concentration at 
the edge of the a 2 lamellae was higher, by 2.0 at % compared to the centre while the Ti 
content was lower by the same amount (Table 4.13). The concentration profiles of Al and Ti 
in the a 2 lamellae after 2000-hours ageing were less pronounced compared to the fully 
lamellar alloy (Tables 4.6 and 4.7).
4.4.5 Lamellar coarsening in aged T i-4 7 A I-4 (N b , Mn, Cr, Si, B)
Using the methods outlined in Chapter 2, the mean interlamellar spacings (X) were 
evaluated. The results are presented in this section.
4.4.5.1 Lamellar Spacing
Figure 4.49 and Table 4.14 give the X measurements for the Ti-47Al-4(Nb, Mn, Cr, 
Si, B) alloy for thermal ageing times up to 2000 hours. The fully lamellar X of 9.33pm was 
not as fine as for either of the two Ti-Al-Mn alloy compositions (Tables 3.14 and 3.27). The 
standard deviation associated with the fully lamellar X value was 1.34, as more variation 
between the separate grains and regions was encountered, maybe due to the already coarse 
nature of the a 2/y lamellar microstructure in the Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy. The X 
after 500 hours was increased by 4.58pm, to 13.9pm and by a further 6.66pm after 1000 
hours. Between 1000 and 2000 hours the increases in X were minor.
4.4.5.2 Lamellar coarsening ratio
Figure 4.50 and Table 4.14 show the increase in rx and the associated coarsening 
ratio rate with thermal ageing levels from zero to 2000 hours for the Ti-47Al-4(Nb, Mn, Cr, 
Si, B) alloy. At 500-hours thermal ageing the coarsening ratio was 1.49 (rQ. Beyond 1000 
horns, the coarsening ratio showed no substantial changes. The increase in lamellar 
coarsening of the Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy was fairly considerable as it was 
greater by 1.55 (1*4 = 2.55) after 2000 hours thermal ageing time.
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Figure 4.47: Concentration profiles of Ti, Al, Nb, Mn and Cr in the y lamellae of the 
2000-hour aged Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy.
position in 
y lamella
E ement at %
Ti Al Nb Mn Cr
centre 48.3 48.2 1.5 1.1 0.9
in between 47.2 49.9 1.2 0.9 0.8
edge 49.9 46.3 1.6 1.3 0.9
Table 4.12: TEM EDX results for the y lamellae in the 2000-hour aged Ti-47A1 
-4(Nb, Mn, Cr, Si, B) alloy.
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Figure 4.48: Concentration profiles of Ti, Al, Nb, Mn and Cr in the a 2 lamellae of the 
2000-hour aged Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy.
position in 
a2 lamella
E ement at %
Ti Al Nb Mn Cr
centre 60.2 36.2 1.3 1.1 1.2
in between 60.7 35.5 1.4 0.9 1.5
edge 58.1 38.2 1.3 1.2 1.2
Table 4.13: TEM EDX results for the a 2 lamellae in the 2000-hour aged Ti-47A1 
-4(Nb, Mn, Cr, Si, B) alloy.
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y-TAB X (jam) standard deviation r
Fully Lamellar 9.33 1.34 r0 1.00
500 hours 13.91 1.38 I*! 1 .49
1000 hours 20.57 1.14 r2 2 .2 0
1500 hours 21.96 1.30 r3 2 .3 5
2000 hours 23.82 0.97 r4 2 .5 5
Table 4.14: Mean interlamellar spacing with thermal ageing time of the Ti-47Al-4(Nb, Mn, 
Cr, Si, B) alloy.
Ti-47Al~4(Nb, Mn, Cr, Si, B) thermal ageing time versus mean lamellar
mean
interlamellar
ageing time (hours)
Figure 4.49: Graph representing mean interlamellar spacing with thermal ageing time for the 
Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy.
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Ti-47AI-4(Nb, Mn, Cr, Si, B) ageing time versus lamellar
lamellar 
coarsening 
ratio (r)
Ageing Time (hours)
Figure 4.50: Graph representing lamellar coarsening ratio with thermal ageing time for the 
Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy.
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5.1 Com parison of as-received and heat treated Ti-4 0 A I-5 M n  alloy 
microstructures
The heat treatment at 1200°C for four hours brought about significant 
microstructural changes compared to the as-received condition o f the Ti-40Al~5Mn 
alloy. The inherent dendritic microstructure seen before heat treatment was eliminated 
and replaced with what can best be described as a nearly lamellar microstructure 
(compare figures 3.1 and 3.6). The lamellar zones that were present in the as-received Ti— 
40Al-5Mn alloy (figure 3.2) were replaced by lamellar columns made up of broad and 
coarse alternating oc2/y lamella (figures 3.8 and 3.9) after heat treatment at 1200°C for 4 
hours.
However, after heat treatment at 1300°C for 6 hours a fully lamellar microstructure 
was produced. There were none of the globular single-phase grains and regions that were 
seen in figures 3.6 and 3.7, but large a 2/y fully lamellar columnar grains with some 
particles o f p at the boundaries (figures 3.14 and 3.15). There were no major changes in 
the Ti, Al or Mn content of the as-received and the 1200°C and 1300°C heat treated 
alloys (Table .5.1).
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Ti-40AI-5Mn E ement at %
Ti Al Mn
Nominal 55 40 5
as-received 54.5 40.9 4.6
1200°C / 4h 54.3 41.2 4.5
1300°C /6h 54.2 41.6 4.2
Table 5.1:Comparison of the as-received and heat treated Ti-40Al-5M n alloy large 
area compositions.
Table 5.2 compares the analyses of the phases given in Tables 3.1, 3.2 and 3.4 for the 
as-received and heat treated alloys, showing how the composition had been affected by 
the heat treatment of the Ti-40A1—5Mn alloy. The Ti content of the y phase decreased 
from the as-received to the 1200°C heat treated alloy but then increased again in the 
1300°C heat treated alloy. The Al content in the y phase increased from the. as-received to
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the 1200°C heat treated alloy and then decreased again in the 1300°C heat treated alloy. 
The Mn content did reduce between the 1200°C and 1300°C heat treated alloys.
The a 2 phase Ti content showed a marked increase from the as-received to the 1200° 
and 1300°C heat treated alloys. The Al content showed the reverse behaviour with a 
significant decrease from the as-received to the 1200° and 1300°C heat treated alloys. 
The Mn content was only slightly greater in the a 2 phase of the heat treated alloys. The p 
phase was largely stable apart from an increase in Ti content and decrease in Mn content 
from the as-received to the 1200°C heat treated alloy. The Laves phase exhibited a 
decrease and increase in Al and Mn content respectively, after 1200°C heat treatment but 
this phase was not located in the 1300°C heat treated alloy.
Table 5.2:
alloy E ement at % phase
as-received Ti Al Mn identity
dark 52.3 44.2 3.5 r
grey-dark 54.1 41.2 4.7 a2
grey-light 56.7 30.5 12.8 P
light 38.7 36.9 24.4 Laves
1200°C/4h
dark 48.5 47.1 4.5 y
grey-dark 59.0 35.3 5.8 a2
grey-light 59.3 30.3 10.4 P
light 38.7 34.1 27.2 Laves
1300°C/6h
dark 51.5 45.7 2.8 Y
grey-dark 58.8 35.6 5.6 a2
grey-light 58.8 30.4 10.8 P
: A comparison ojf the compositions o f phases in the Ti-40Al-5M n al
in the as-received and the 1200°C and 1300°C heat treated conditions.
There were no indications of major partitioning of elements as a result of the heat 
treatments at 1200° and 1300°C, although the a 2 phase exhibited the most variation in 
content which can be explained by its large compositional range and phase field in the 
Ti-Al binary phase diagram. Similarly the variations in Ti, Al and Mn content of the y 
phase did not follow a trend from the as-received to the heat treated conditions. The 
Laves phase, which has a very narrow phase field, showed no change in Ti content but
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some variation in Al and Mn content, in an alloy system where Mn substitutes for and 
occupies Al sites (Kim 1989, Prasad et al 2002, Hao et al 1999).
5.2 Com parison of as-received and heat treated Ti-4 0 A !-1 0 M n  alloy 
microstructures
The foremost change encountered in the heat treatment of the Ti-40Al-10Mn at 
1200°C for 4 hours was the evolution of a duplex microstructure. The largely fine- 
dendritic microstructure in the as-received Ti-40Al-10Mn alloy (figures 3.51 and 3.52) 
was replaced by a duplex structure (figures 3.56 and 3.57). One major change from the 
as-received Ti-40Al-10Mn alloy to the 1200°C / 4 hours heat treated alloy was the 
apparent growth of the Laves phase from small, facetted and discontinuous grains 
scattered amongst the y / p phase boundaries (figure 3.53) to the relatively large and 
mainly globular Laves phase grains (figure 3.60). It could be that upon heat treatment at 
1200°C, the Laves phase precipitates out, and then sustains very slow dissolution, as 
reported for a Ti-40Al-10Mn alloy (Butler and McCartney, 1998).
The second heat treatment at 1300°C for 6 hours had resulted in a fully lamellar 
microstructure (figures 3.62 and 3.63) and was devoid of the Laves phase grains and 
other large single phase grains that were seen in the 1200°C / 4 horns heat treated Ti- 
40Al-10Mn alloy. The boundaries of the lamellar colonies in the 1300°C / 6 hours heat 
heated alloy did contain small precipitates of the p phase (figure 3.65) whereas in the 
1200°C / 4 hours heat treated alloy, the p phase was seen as mostly large globular grains 
(figure 3.60). The a 2/y lamellae were also more continuous and planar in the 1300°C heat 
treated alloy (figure 3.64) compared to the 1200°C alloy which showed fragmented and 
discontinuous lamellar colonies (figures 3.58 and 3.59).
Comparing the Ti-40Al-10Mn alloy compositions in the as-received and the 1200°C 
and 1300°C heat treated conditions, no significant differences between their analyses 
were observed, as shown in Table 5.3 which compares the nominal content with the large 
area data from Tables 3.15, 3.16 .and 3.17. Table 5.4 compares the phase compositions of 
the as-received and heat treated Ti-40A1-1 OMn alloys, showing how the Ti, Al and Mn 
contents of the phases had been affected as a result of heat treatment. The most notable 
change in composition following heat treatment was exhibited by the a 2 phase and
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Ti-40AI-10Mn E ement at %
Ti Al Mn
Nominal 50 40 10
as-received 50.6 40.4 9.0
1200°C /4h 50.1 40.6 9.3
1300°C /6h 50.3 40.6 9.1
Table 5.3: Comparison of the as-received and heat treated Ti-40Al-10M n alloy large 
area compositions.
involved a substantial increase in the Ti content and decrease in Al content from the as- 
received to the 1200°C heat treated alloy. The Mn content also decreased by a smaller 
degree in the heat treated alloys. Both the 1200°C and the 1300°C heat treated alloys had 
comparable phase compositions for the y, a 2 and (3 phases. In the (3 phase, the Ti content 
remained constant but the Al and Mn content decreased and increased respectively, 
between the as-received and the heat treated Ti-40Al-10M n alloys. It would therefore 
appear that Mn diffusion had taken place from the a 2 phase to the p and Laves phases, 
the latter of which showed a more marked increase in Mn content after heat treatment at 
1200°C. In the 1300°C heat treated condition however, the Laves phase had been 
eliminated by the off-equilibrium fully lamellar a 2/y microstructure.
5.3 Com parison of the as-received and heat treated Ti-40AI~5M n and 
Ti-40A I-10M n alloys
Figures 3.1, 3.2 and 3.3 presented the microstructure o f the as-received Ti-40A1- 
5Mn alloy, whereby the largely dendritic morphology comprised o f a majority volume of 
fine a 2/y lamellar regions with a lesser amount of single-phase y, p and Laves grains. 
When compared against the as-received Ti-40Al-10M n alloy in figures 3.51, 3.52 and 
3.53, it is observed that the microstructure possesses more of the single-phase y, p and 
Laves and far less of the a 2/y lamellar phase. Thus, the as-received Ti-40Al-5M n and 
Ti-40AI-10Mn alloys virtually exhibited inversed volume fractions of the different kinds 
of phases, i.e. majority a 2/y lamellar in the Ti-40AI~5Mn alloy and majority single-phase 
in the Ti-40Al-10M n alloy.
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alloy E ement at % phase
as-received Ti Al Mn identity
dark 49.6 45.3 5.1 Y
grey-dark 51.0 40.6 8.4 a2
grey-light 56.4 31.7 11.9 P
light 39.2 32.3 28.5 Laves
1200°C/4h
dark 48.5 46.5 5.1 Y
grey-dark 58.2 35.2 6.6 a2
grey-light 57.2 28.6 14.2 P
light 36.8 30.1 33.2 Laves
1300°C/6h
dark 48.1 47.2 4.7 Y
grey-dark 58.1 35.5 6.4 a2
grey-light 57.6 29.2 13.2 P
Table 5.4: A comparison of the compositions o f phases in the Ti-40Al-10M n alloy 
in the as-received and the 1200°C and 1300°C heat treated conditions.
The microstructural differences between the as-received Ti-40Al-5M n and Ti-40AI- 
lOMn alloys are attributed to the Mn content, which as an addition to TiAl alloys is 
known to be a firm y phase stabiliser, and as has been observed, the as-received Ti-40A1- 
lOMn alloy does contain a greater volume fraction of y phase than the as-received Ti— 
40Al-5Mn alloy. Comparing the phase compositions of the as-received Ti-40Al-5M n 
and Ti-40Al-10M n alloys in Tables 5.2 and 5.4 respectively, the only noticeable 
differences in Ti, Al and Mn content are among the y and a 2 phases, which could be 
attributed simply to the wide ranges in phase composition and the corresponding phase 
fields o f a 2 and y on the equilibrium phase diagram.
In section 3.3 we saw that the 1200°C / 4 hours heat treated Ti-40Al-5M n alloy 
exhibited a microstructure o f largely lamellar columnar-like grains or regions (figure 3.6) 
with inter-dispersed, mainly globular large grains o f the y phase (figure 3.7). The 1200°C 
/ 4 hour heat treated Ti-40Al-10M n alloy however exhibited much less o f the lamellar 
microstructure (although lamellar grains were a feature of the alloy) with more dominant 
y, p and Laves phase grains (figures 3.56 and 3.57), compared to the heat treated Ti—
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40Al-5Mn alloy. In short, it was seen that the 1200°C heat treated Ti-40Al-5Mn alloy 
possessed a nearly lamellar microstructure and the Ti-40A1— lOMn alloy comprised of a 
duplex microstructure.
The follow up heat treatment of the Ti-Al-Mn alloys at 1300°C for 6 hours was 
successful in bringing about a transformation to fully lamellar microstructures, 
comprising of the morphologies seen in Sections 3.4 and 3.8 for the Ti-40Al-5Mn and 
Ti-40Al-10Mn alloys respectively. Figures 3.14 and 3.15 showed how the 1300°C heat 
treated Ti-40Al-5Mn alloy exhibited rather large columnar-like colonies of a 2/y lamellar 
phases, measuring several hundred microns across. The 1300°C heat treated Ti-40A1- 
lOMn alloy however possessed much smaller, mainly equiaxed a 2/y lamellar grains of no 
more than 200pm in diameter. It may have been that the greater Mn content in the Ti- 
40Al~10Mn alloy led to an earlier cessation in the formation of lamellar grains (by the 
emerging (3 phase) compared to the Ti-40Al-5Mn alloy, in which the large columnar 
colonies were allowed to grow during the cooling from 1300°C to room temperature.
The observations in this study ran concurrently with those of Butler et al (1997) 
(although with alternative heat treatment regimes) whose compositional analyses are in 
good agreement with our own data for the as-received and heat treated Ti-Al-Mn alloys 
given in Sections 3.2, 3.3, 3.6 and 3.7. The evident differences in the y, a 2, (3 and Laves 
phase volume fractions between either the as-received or 1200°C heat treated Ti-40A1- 
5Mn and Ti-40Al-10Mn alloys, can be considered in terms of the Ti-Al-Mn ternary 
phase diagram. Figure 5.1 presents a Ti-Al-Mn isothermal section at 1200°C and was 
calculated and illustrated using the PANDAT software.
This phase diagram modelling gave the solidification path of: L -> [P] + L -> 
[P + a] + L —> [a] + L -» a. However, the actual solidification of the alloys followed a 
non-equilibrium path due to the cooling rates experienced during solidification. Both the 
Ti-40Al-5Mn and Ti-40Al-10Mn alloys began solidification with the p-Ti as the 
primary phase, and the remaining liquid, trailed along peritectic paths. To illustrate this 
further the Ti-Al-Mn liquidus surface projection in figure 5.2 (Butler et al, 1997) shows 
that the following reaction paths may be involved during solidification: L -> L + P; L ©  
a  + p ;L  + p - » a  + Laves and L + a  -»  y + Laves. Turning back to the isothermal
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section at 1200°C in figure 5.1, the indications are that equilibrium solidification would 
end at a single a-phase region.
The emergence of the Laves Mn2Ti phase is attributed to solute segregation in the 
liquid phase as it begins solidification, initiating the L + p -»  a  + Laves and L + a  -»  y + 
Laves reactions at the original p or a  inter-dendritic regions. The greater volume fraction 
o f the Laves phase observed in the as-received and heat treated Ti-40Al-10M n alloys is a 
consequence of the higher manganese content, as the liquid phase solidifies along these 
reaction paths. The a 2 and y lamellar areas were products of the solid-state transformation 
a  -»  a 2 + y. In addition to this, any a-phase enriched by additional quantities of 
manganese may become unstable and transform to the p and y phases in a solid-state 
transformation, as non-equilibrium solidification proceeded further, possibly accounting 
for the greater p-phase volume fraction of the Ti-40Al-10Mn alloy (Butler et al, 1997).
MN
X(AL]
Figure 5.1: Ti-Al-M n isothermal section (1200°C) with the Ti-40Al-5M n alloy 
marked by <$>; and the Ti-40Al-10M n alloy marked by S .
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The resultant microstructures of the 1200°C heat treated Ti-40Al-5M n and TiXOAl- 
lOMn alloys may have been determined by the ternary constituent Mn. It has been 
suggested that elements of the Ai group (Section 1.4) will shift the (0,2+7 ) /y phase 
boundary toward the Ti-side (Kim and Dimiduk 1991). Research by Hao et al (2000) on 
numerous ternary T i-A l-X  alloys found that Nb, Ta and V had little or no influence on 
the (a 2+y) /y phase boundary, whereas Cr and to a greater extent Mn deflected and curved 
the phase boundary toward the Ti-rich side (figure 5.3). Hao et al (2000) concluded that 
elements such as V, Nb and Ta stabilised the a 2 phase, whereas Cr, Mn and Fe were 
extensively y phase-stabilisers. A substantial decrease in the volume fraction of a 2 in 
lamellar grains, and increase in total volume fraction of y grains (equiaxed) for additions 
of Mn between 0, 1 and 3 at % to TiAl was also reported by Hao et al (2000).
Ti-Al-Mn Ternary Uquidus Projection 
Mn
<------
TI (Atomic fraction)
Figure 5.2: Liquidus projection by Butler et al (1997) showing peritectic paths 
(dotted lines) around eutectic valleys with the Ti-40Al-5M n alloy 
marked by <$> and the TiXOAl-lOMn alloy marked by 0 .
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If any equivalent shift in the a  / a  + y phase boundary also arises, then heat treatment 
at 1200°C (with ~ 40 at % Al) will reside in the a  + y phase field. In which case, cooling 
of Ti-40Al-5M n from the a  + y phase field will result in a near-y or near-lamellar 
structure and the Ti-40Al-10M n alloy will possess a duplex microstructure. Normally, 
the heat treatment of binary Ti-40A1 at 1200°C would take place in the a -T i phase field 
just above the a -T i / a  + y phase boundary, cooling to a folly-lamellar microstmcture 
(figure 1.4). Therefore, it could well be expected that heat treatment at 1200°C for the T i- 
40A1—5Mn alloy would yield the «ea;7y-lamellar microstmcture, and at the same 
temperature the Ti-40Al-10M n alloy would form the duplex microstmcture.
The predicted equilibrium onset o f melting for the Ti-40Al-5M n alloy is 1370°C, 
and 1350°C for the Ti-40Al-10M n alloy (Butler et al, 1997). From other investigations 
(Butler and McCartney, 1998) it was witnessed that the volume fraction of lamellar 
phases (a 2/y) in annealed Ti-40Al-5M n alloys significantly increased with ascending 
annealing temperature, for a range o f 1145°C ~ 1275°C. With the possibility that the 
a-transus temperature lies somewhere within this region, for either the Ti-40Al-5M n or 
Ti-40Al-10M n alloy, it was predicted that a heat treatment regime at a temperature 
above 1275°C (into the a-phase field) could yield a folly-lamellar micro structure in the 
two alloys.
This warranted a follow up heat treatment to be conducted at the higher temperature 
of 1300°C for 6 hours to increase the likelihood of successfully forming a fully lamellar 
microstmcture in the Ti-A l-M n alloys, hi doing so, the Ti-40Al-5M n alloy exhibited the 
fully lamellar microstmcture presented in Section 3.4 as did the Ti-40Al-10M n alloy 
presented in Section 3.8. Figure 5.24 (see also Section 5.5.4) is a T i-A l-M n ternary 
isotherm at the heat treatment temperature of 1300°C, which shows the positions o f the 
Ti-40Al-5M n and Ti-40Al-10M n alloys laying in the region of the a 2/y and |3 phase 
fields, in agreement with the microstructural observations of the experimental work.
As the solid-state transformation a  -»  a 2 + y proceeded, any additional solute Mn 
enriching the formation front of the a 2/y lamellae, may have led to the formation of (3 
precipitates, thus creating the terminations of the a 2/y lamellar grain growth, and was 
observed at the colony or grain boundaries of the fully lamellar Ti-40Al-5M n alloy and
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Ti-40Al-10M n alloy in figures 3.16 and 3.65 respectively. Comparing the proximities of 
the Ti-40Al-5M n and Ti-40Al-10M n alloy to different phase fields (figure 5.24), the (3 
phase would be quicker to emerge in the Ti-40Al-10M n alloy due to its additional Mn 
content. Therefore, we could very well expect to see the a 2/y lamellar formations being 
terminated by (3 phase precipitates much sooner in the higher Mn-containg alloy.
Hence, this would have led to the earlier formation of grain boundaries and a greater 
overall grain boundary area. This was obseived as the smaller and more uniaxed a 2/y 
lamellar grains in the fully lamellar Ti-40Al-10M n alloy, compared to the large 
columnar-lilce lamellar formations that were allowed to grow more extensively in the T i- 
40Al-5Mn alloy.
33 34 35 36 37 38 46 47 48 49 50 51
Al, a t%
Al, at.%
Figure 5.3: Effects o fX in  Ti-Al-ATternary alloy systems. Nb causes little a 2+y/ y
phase boundary shift, however Mn has a more considerable effect, shifting 
the boundary toward the Ti-side of the system (Hao et al, 2000).
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5.4 Com parison of the as-received and heat treated T i -4 7 A I-  
4(Nb, Mn Cr, Si, B) alloy
Heat treatment of the Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy at 1400°C for 6 hours 
resulted in a marked transformation from the as-received microstructure with “feathery” 
lamellar characteristics seen in figure 4.2 and 4.3, to the fully-lamellar grains shown in 
figures 4.13, 4.14 and 4.15. It is most probable then, that during annealing at 1400°C the 
Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy did reside above the a-transus and inside the single 
a  phase region, as illustrated in the binary phase section in figure 1.4.
Thus far, the heat treatment experiment conducted on the Ti-47Al-4(Nb, Mn, Cr, Si, 
B) alloy was successful in transforming its initial microstructure to a fully-lamellar state. 
Other workers, who employed similar heat treatment schedules (De Graef et al, 1997) 
annealed a TiAl + boron alloy at 1400°C for 4 hours resulting in fully lamellar 
microstructures. Therefore, 1400°C appeared to be the ideal annealing temperature for 
generating a fully lamellar microstructure in the Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy.
EDX analysis had revealed some compositional differences between the y and a 2 
phase compositions of the as-received and heat treated Ti-47Al-4(Nb, Mn, Cr, Si, B) 
alloys. Table 5.5 compares the data given in Tables 4.1 and 4.5, which reveals a change 
in the y phase Ti and Al contents of the heat heated alloy, suggesting that the Ti and Al 
content decreased and increased respectively, by moderate amounts of around 2.0 at %. 
The behaviour of Nb was not as clear and only a fractional increase of 0.3 at % content 
was measured in the y phase. There did appear to be a more moderate increase in the Mn 
and Cr content of the a 2 phase of the Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy following the 
1400°C heat treatment.
alloy E ement at %
as-received Ti Al Nb Mn Cr
Y 49.5 46.9 1.5 1.1 1.0
a2 59.2 37.2 1.4 0.9 1.3
1400°C/6h
Y 47.6 48.9 1.8 0.9 0.8 :
a2 59.7 35.8 1.5 1.3 1.7
Table 5.5: Comparison of as-received and heat treated Ti-47Al-4(Nb, Mn, Cr, Si, B) 
alloy phase compositions.
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Referring back to the literature review (Section 1.6) it was discussed that partitioning 
of alloying additions is highly influenced by any form of heat treatment a TiAl base alloy 
may be subjected to. Miller et al (1997) reported the partitioning of Cr to the a 2 phase 
after a heat treatment of 2 hours at 900° C, whereas Nb tended marginally to the y phase. 
Munroe and Baker (1999) also identified Cr to strongly partition to the a 2 phase whereas 
Nb was equivalent between the a 2 and y phases. It appears that in this study Mn may 
have partitioned favourably to the a 2 phase after heat treatment of the Ti-47Al-4(Nb, 
Mn, Cr, Si, B) alloy. The Nb concentration apparently increased slightly in the y phase 
which is in agreement with Miller et al (1997), but the partitioning behaviour of Nb is 
reported not to be as strong as elements such as chromium or tungsten (Larson and 
Miller, 1998).
TEM observations of the as-received Ti-47AlX(Nb, Mn, Cr, Si, B) alloy unveiled 
precipitate phases based on Ti-Si and Ti-B. Unfortunately, no such phases could be 
located in the heat treated Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy TEM specimens. In this 
respect, further investigation is necessary in order to ascertain their presence and to 
characterise such phases.
Ti-Si phase
Section 4.2 presented a Ti-Si based precipitate of a composition measured to be in 
the range of Ti-53, Al-32 and S i-1 1 (at %) by TEM-EDX analysis (Table 4.2). 
Ascertaining what this phase may be, was resolved in the X-ray diffraction of the as- 
received Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy (figure 4.11). The phase seen in figures 4.5 
and 4.6 was deemed to be a precipitate of Ti5Si3. Measurement of the Ti5Si3 phase 
composition in other EDX analysis work had revealed the phase to comprise of contents 
in the region of those outlined in Table 5.6 below (Gil et al 2001; Sun et al 2001; Sun and 
Froes 2003).
li5Si3 work: 
Author
Element at %
Ti Al Si
Gil et al 2001 
Sun et al 2001 
Sun & Froes 2003
5 0 - 5 3
5 6 - 6 0
5 6 - 6 2
1 6 - 2 2
1 3 - 1 5
8 - 1 5
2 5 - 3 0
2 4 - 2 5
2 5 - 2 9
Table 5.6: The various Ti3Si3 phase compositions measured by EDX from three 
separate studies (Gil et al 2001; Sun et al 2001; Sun and Froes 2003).
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Although it emerges that in the Ti-Al-Si ternary phase system, Al will reduce the Si 
solubility in solid solution, moreover Al would substitute for Si in the Ti5Si3 phase, as 
was reported by de Farias Azevedo and Flower (1999). With this in mind, the actual 
content for the Ti-Si precipitate seen in our as-received Ti-47Al-4(Nb, Mn, Cr, Si, B) 
alloy would be much closer to the composition of a Ti5Si3 phase, with regard to the Ti-Si 
binary phase diagram (Murray, 1986) in figure 5.4.
Ti-B phase
The observations and characterisation of a boride phase in the y matrix of the as- 
received Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy was given in figures 4.8, 4.9, and 4.10 and 
Tables 4.3 and 4.4, which had suggested that the boride-former Nb had amassed in the 
boride precipitate itself, in agreement with Hu (2001). The high aspect-ratio TiB 
precipitate exhibited planar interfaces with some step-facets or ledges along its length, 
with significant bend contours in the surrounding y matrix. De Graef et al (1997) 
commented on very similar boride morphologies in another TiAl + B alloy, stating that 
no basic orientation relationship was found between the boride particles and y-matrix.
This work failed to locate any boride particles in the heat treated Ti-47Al-4(Nb, Mn, 
Cr, Si, B) alloy TEM specimen, although in the as-received Ti-47Al-4(Nb, Mn, Cr, Si, 
B) alloy such boride particles were already few and far between. De Graef et al (1997) 
reported that boride flakes in their TiAl based alloy fragmented and stated that boride 
redistribution had occurred after forging and a further annealing treatment. Any such 
process occurring in the heat heated Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy would have 
made it even more difficult to locate borides within the TEM specimens. Redistribution 
or dissolution of Ti5Si3 particles could also have led to the failure of finding such phases 
in TEM specimens of the heat heated Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy.
Here a hypothesis will be discussed that offers some bearing to TiAl alloys in which 
boride particles are present, as in the case of the Ti~47Al-4(Nb, Mn, Cr, Si, B) alloy. 
Experimental work conducted by Srivastava et al (1999) compared the onset 
temperatures of the a  -»  (a  + y) lamellar transformation for a Ti-48Al-2Cr-2Nb alloy, 
and an equivalent alloy plus 1 at % B. They found that lamellar transformation began at 
~1290°C for the non-boron containing alloy. Notably in the alloy containing boron,
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lamellar transformation began at ~1340°C and actually finished at 1290°C. Results 
detailed by Kim and Dimiduk (2001) were in agreement to the work of Srivastava et al 
(1999). Comparing Ti-47A1 and Ti-47A1-0.2B alloys for their lamellar starting 
temperatures ( T l s )  by DTA, Kim and Dimiduk confirmed the a  -»  (a  + y )  lamellar 
transformation to begin with a smaller undercooling, or higher nucleation temperature in 
the alloy containing boron.
Weight Percent Silicon
I
Figure 5.4: The Ti-Si binary alloy phase diagram (Murray, 1986).
In addition to this, an experiment carried out on Ti-44A1 and Ti-44A1-0.1B to reveal 
the early stages of lamellar transformation found that boride flakes at grain boundaries 
provided y plate nucleation points in a non-uniform manner i.e. inhomogeneous 
distribution of plates within the grain for the Ti-44A1-0.1B alloy. From their 
investigation, Kim and Dimiduk (2001) stated that a combination of a higher nucleating 
temperature (small undercooling) and boride-assisted non-uniform nucleation could 
ultimately generate coarser lamellar microstructures of inhomogeneous distribution. 
Zhang and Deevi (2002) further backed up this hypothesis in their second mechanism of 
boron-induced a 2/y lamellar morphologies, discussed in Section 1.4.1.1.
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In this study, the heat treated Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy exhibited some 
rather coarse y lamellae, at the expense of a 2 lamellae which were sparse and thin in 
comparison. It may be that boride-assisted y lamellar coarsening is accountable for the 
somewhat inhomogeneous and widely variable characteristics of the a 2/y lamellae in the 
heat treated Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy, seen in figures 4.15, 4.16 and 4.17.
In summary, one of the aims of the heat treatment used in this study was achieved by 
transforming the as-received Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy to a fully (a2/y) 
lamellar microstructure, the preferred condition in terms of engineering properties. 
Additionally, there were no signs of major element partitioning among the different 
phases after heat treatment. The a-transus temperature of the Ti-47Al-4(Nb, Mn, Cr, Si, 
B) alloy above which a fully lamellar microstructure can be obtained is believed to be at 
1340°C, as seen in similar alloy compositions (Munroe and Baker, 1999). Other work on 
the Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy by Salishchev et al (1999) annealed their samples 
at 1360°C, which was claimed to be inside the a-phase field. Their work also resulted in 
a fully lamellar micro structure (see Section 1.8.1.1 and Table 1.3).
5.5 Therm al ageing of the alloys
5.5.1 Introduction
Clearly, when making fine-detail microstructural or morphological obseivations, 
there would be natural or random variations in the features, dimensions and 
characteristics observed from one region to another. The micrographs presented in 
this part of the discussion have been selected to be as representative as possible of the 
features and morphologies witnessed in the Ti-Al-M n alloys and the y-TAB alloy across 
the thermal ageing range. In this section the morphological evolution that had taken place 
as a consequence of thermal ageing will be discussed.
5.5.2 The T i-4 0 A I-5 M n  alloy
Section 3.4 detailed the fully lamellar Ti-40Al-5Mn a 2/y morphology, and by 
examining figure 3.15 it is possible to see that a grey-light contrast phase appears to be 
present within the a 2/y lamellar colonies themselves. This is observed in greater detail in 
the EPMA backscatter electron micrographs of figure 3.17 and also figure 5.5, depicting
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how the a 2 lamellae often contained or were lined with what appears to be (by EPMA 
image contrast) the p phase. Such p formations were likely to have occurred during the 
nucleation and growth stages of a 2/y lamellar laths, whereby segregation of Mn mainly to 
lamellar interfaces, led to any enriched a 2 phase becoming thermodynamically unstable 
and thus transforming to the higher Mn-containing p phase. The largest p phase 
precipitates, located along lamellar colony boundaries were analysed and the 
compositions were given in Table 3.4. Numerous p phase peaks were also identified in 
the X-ray diffractogram of figure 3.18.
The top arrow in figure 5.5 points out where a break occurs in these apparent p phase 
linings, exhibiting end terminations which were again prevalent across the a 2/y 
morphology of the fully lamellar Ti-40Al-5Mn alloy. These termination points in the p 
phase lining may have acted as precursors for termination migration to commence in the 
duration of thermal ageing. The lower two arrows point out where the a 2 lamellae appear 
to thin or neck, which may be potential sites of boundary splitting if accompanied by the 
presence of internal lamellar boundaries or faults.
hi figure 5.6, fine grey-light contrast particles are seen around the a 2 lamellae, such 
as those marked by arrows where the a 2 lamellae show signs of necking. These particles 
were thought to be points where Mn had accumulated, forming p precipitates. Overall, 
the fully lamellar Ti-40Al-5Mn alloy showed little sign of any inherent a 2 lamellar 
terminations, a few were seen but these were occurring at about 4 to 5 per individual area 
and only on the very thinnest and “faded” lamellae. The TEM micrographs in figures 
3.19 and 3.20 certainly showed that the a 2/y lamellae appeared rigid, continuous and not 
particularly distorted. This was in stark contrast with what was seen in the TEM 
micrographs of the 2000-hour aged Ti-40Al-5Mn alloy in figures 3.44 and 3.45.
It was fairly easy to visually differentiate between the a 2 lamellae and p phase linings 
in the backscatter electron contrast of the EPMA micrographs. However, in TEM analysis 
this was more difficult and compositional analysis of any possible p phase linings would 
not be reliable, due to their thin and streaky nature and in turn spatial resolution 
limitations of TEM-EDX analysis. The arrow in figure 3.19 pointed to what may well
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Figure
Figure 5.6: EPMA backscatter electron micrograph of the fully lamellar Ti—40Al-5Mn 
alloy showing small lighter contrast precipitates marked by arrows.
20|jm 1
5.5: EPMA backscatter electron micrograph of the fully lamellar Ti—40Al-5Mn 
alloy. Within the oc2/y lamellar morphology, arrows point to a break in an 
apparent p-phase lining (top arrow), and to a 2 necking (lower arrows).
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have been one of these p phase linings running parallel to the lamellar interfaces, the 
feature was very thin (<0.5pm) and began to neck towards a break in its continuity.
The concentration profiles of Ti and Al in the a 2 and y lamellae exhibited opposing 
profiles (figures 3.21 and 3.22; Tables 3.5 and 3.6) which indicated that Ti and Al 
segregated towards the edges of the y and a 2 lamellae, respectively. Only in the y phase 
of the fully lamellar Ti-40Al-5Mn alloy was there a suggested minor segregation of Mn 
towards the edges of the y lamellae. The initial value of X in the fully lamellar Ti-40A1- 
5Mn alloy was 1.83pm (Table 3.14), smaller than in the fully lamellar Ti—4-OAl-lOMn 
alloy which had a starting X of 2.75pm. As Mn encourages y phase stabilisation and 
growth, it was reasonable that the Ti-40Al-10Mn alloy would have a bigger X.
It was quite apparent that after 500 hours of thermal ageing at 800°C, the Ti-40A1- 
5Mn alloy had undergone microstructural and morphological transformations as a result.
The precise changes in the a 2/y fully lamellar morphology were seen as growth of y inter­
colony regions, seen in figures 3.24, 3.25, 3.26 and 3.27 (see Section 3.5.1) and figure 5.7 
and 5.8. Figure 5.7, like figure 3.27 shows an a 2/y lamellar colony that had been bridged 
by a fairly large y-phase partition.
The arrows in figure 5.7 mark out where the a 2-phase coarsening of the lamellar 
terminations had resulted in the formation of agglomerate-lilce features of the a 2 phase. It 
was also observed that within or attached to these agglomerates there were lighter 
contrast phase precipitates, and appeared to be consistent with the p phase, according to 
their backscatter electron image contrast. This suggested that the shift toward a more 
equilibrium composition was beginning to take place, with the emergence of a more 
substantial amount of p as would be predicted by the Ti-Al-M n ternary phase isotherm 
at 800°C in figure 5.26 of Section 5.5.4.
The morphological changes seen in figure 5.8 show the emergence of the p phase 
alongside and within coarse a 2 phase formations, and also overlapping some a 2 lamellae.
This would have occurred due to the shift towards the more equilibrium p composition, 
brought about by thermal ageing. Due to the higher Mn and lower Al content of a 2 prior 
to thermal ageing (Table 3.4) lamellae of this phase would be the first and foremost in the 
transformation to a phase of higher Mn-content. The EDX data in Table 3.7 revealed
J
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Figure 5.7: EPMA backscatter electron micrograph of the 500-hour aged Ti^tOAl-
5Mn alloy, revealing breaks in the lamellar continuity and coalescence of a 2 
lamellae, and the emergence o f a lighter contrast phase marked by arrows.
Figure 5.8: EPMA backscatter electron micrograph of the 500-hour aged TiXOAl-
5Mn alloy, displaying a deteriorated a 2/y lamellar morphology, termination 
migration of a 2 lamellae and formation of an a 2 “slab”.
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marked differences in phase composition of the 500-hour aged Ti-40Al-5Mn alloy, 
where any remaining a 2 phase was becoming depleted in Mn content, possibly as it was 
being consumed in order for the transformation to the (3 phase to proceed.
Traces of the Laves phase may also have been present as a product of the phase 
transformations taking place, perhaps only in minute amounts. X-ray diffraction analysis 
recorded one Laves phase peak (figure 3.28) but it was not fully conclusive as there was 
no evidence from the EPMA analysis. More importantly though, was that after 500 hours 
of thermal ageing, numerous sites of apparent termination migration had arisen. This was 
something not seen to the same extent in the fully lamellar Ti-40Al-5Mn alloy, as a 
comparison of figures 3.16 and 3.17, against the 500-hour aged condition in figures 3.26 
and 3.27 will support.
Lamellar coarsening of the 500-horn* aged Ti-40Al-5Mn alloy was fairly minor with 
an increase in X of just 0.11pm and coarsening ratio (r) of just 1.06, as seen in Table 3.14 
and figures 3.49 and 3.50. The coarsening behaviour at this stage of thermal ageing was 
comparable to that of the Ti-40Al-10Mn alloy, which exhibited an almost identical 
coarsening ratio of 1.07.
Further microstructural transformations were observed after 1000 hours of thermal 
ageing at 800°C, as was presented in figures 3.30, 3.31 and 3.32 in Section 3.5.2 and in 
figure 5.9. It was shown that a 2 lamellae had coarsened further into agglomerate-like 
formations at discontinuities in the ot2/y lamellae. The y phase had further grown into 
single-phase, typically broad and globular grains. Crucially, the Laves phase was now 
more noticeable and was seen in figure 3.32, in which the light phase appeared to be 
partially integrated, or conjoined with the grey-light phase, on top of the long and thin a 2 
agglomerate. This was further indication that the phase transformations sequence during 
thermal ageing, followed along the lines of: a 2 -» p -» Laves (see Section 5.5.4).
Table 3.8 showed that the EDX results were similar to that of the 500-hour aged alloy 
(Table 3.7), but with a minor decrease in Mn in the (3 phase. The Laves phase volume 
fraction must have increased in the 1000-hour aged alloy as it was now reliably 
analysable. The X-ray diffractogram in figure 3.33 also supported the EDX results by 
recording peaks of all the phases seen in Table 3.8. The 1000-hours ageing of the Ti-
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Figure 5.9: EPMA backscatter electron micrograph of the 1000-hour aged Ti-40Al-5Mn 
alloy displaying a degenerated a 2/y lamellae morphology with coarsened a 2 
agglomerates, mainly at breaks in the lamellar continuity (pointed by arrows).
20|jm
Figure 5.10: EPMA backscatter electron micrograph of the 1000-hour aged Ti-40A1- 
5Mn alloy, displaying bifurcation in a 2 lamellar laths (marked by arrows). 
Light-phase, presumably Laves precipitates, appear along the a 2 lamellae.
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40Al-5Mn alloy also marked the point where a significant rise in the profile of X was 
observed in figure 3.49 and Table 3.14. The X had increased from 1.94 to 3.48pm 
between 500 and 1000 horns of thermal ageing, which also saw a rise in r  and its rate to 
1.7xl0'3 h '1 (figure 3.50). Between 0 and 500 horns ageing the rate of r  was lxlO-4 h"1.
This implied a possible acceleration of the mechanism of Ostwald ripening over the 
amount seen in the 500-liour aged alloy. The a 2 agglomerates that were showing signs of 
transforming to the (3 and Laves phases were doing so at the expense of the original a 2 
lamellae, alongside the increase in volume fraction of the matrix y phase. Bifurcation of 
both coarse and thin a 2 lamellae is also seen in figure 5.10, as pointed out by arrows, 
where one of the laths appear to be a site of a 2-phase coarsening by conventional 
Ostwald ripening. The actual bifurcation phenomenon itself was seen in both the 
1200°and 1300°C heat treated Ti-40Al-5Mn alloy (figures 3.10 and 3.16), and therefore 
was not a consequence of thermal ageing but simply an inherent mode of lamellar growth 
(Bartholomeusez and Wert, 1994). Compared briefly to the 1000-hour aged Ti-40A1- 
lOMn alloy (figures 3.77 and 3.78), it exhibited considerably more single-phase volume 
fraction than the 1000-hour aged Ti-40Al-5Mn alloy had done.
After 1500 hours of thermal ageing the a 2 lamellae of the Ti-40Al-5Mn alloy looked 
like mere threads, and had transformed considerably further into apparently lighter 
contrast p or Laves phase formations, or provided the coarsened clusters of a 2-phases 
after prolonged termination migration, as seen in figures 3.35 and 3.36 (Section 3.5.3). 
Compared to the 1000-hour aged alloy, the a 2 lamellae had not only thinned further, but 
more substantial coarsening of the Laves had taken place, as shown in figures 3.37 and
5.11. Therefore it was reasonable that the change in X from 1000 to 1500-hours ageing 
may be considerable, and indeed it was observed that X had increased by 1.15pm, as 
shown in Table 3.14 and figure 3.49.
The coarsening ratio (r) at 1500 hours ageing was now 2.53, and its profile (figure 
3.50) had exhibited steady progress from 1000-hours at a rate of 1.4xl0'3 IT1. This 
indicated that Ostwald ripening was continuing to feed relatively thicker Laves lamellae 
at the expense of the a 2 phase lamellae, as well as any remaining amount of the p phase.
202
Chapter 5: Discussion
Figure 5.11: EPMA backscatter electron micrograph of the 1500-hour aged Ti-40A1- 
5Mn alloy, exhibiting further a 2/y lamellar degradation. Thinning and
Figure 5.12: EPMA backscatter electron micrograph of the 1500-hour aged Ti-40A1- 
5Mn alloy displaying several Laves grains and lamellae, not seen as much 
in the 500 and 1000 hour aged conditions.
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Figure 5.12 presents newly formed Laves lamellae and grains (marked by arrows). 
These changes in morphology and microstmcture may not have been driven solely by 
interfacial energy conservation, but also the (3 -» Laves phase transformation from the 
remaining |3 phase in the 1000-hour aged alloy. The volume o f P phase had decreased 
further in the 1500-hour aged condition due to the increased presence o f the Laves phase, 
compared to the more substantial p phase clusters in the fully lamellar and 500-hour aged 
Ti-40Al-5M n alloy.
The EDX data of the 1500-hour aged Ti-40Al-5M n alloy in Table 3.9 showed that 
the Laves phase had increased its Mn content by 4.2 at % compared to the 1000-hour 
aged alloy. From the 500, 1000 and 1500-hour ageing times, the Mn content of the p 
phase went from 17.1, to 16.3 and to 15.3 at % respectively (see Table 5.10 in Section 
5.5.4). This could have come about as more of the p phase was being consumed by the 
Laves phase, thereby reducing the Mn content of any remnant p in the microstmcture. 
Comparing the 1500-hour* aged Ti^40Al-5Mn (figures 3.34, 3.35 and 3.36) and T i- 
40Al-10Mn alloys (figures 3.81, 3.82 and 3.83), the Ti-40Al-5M n alloy a 2 lamellae 
were more fragmented and coarsened, but this alloy did retain more lamellar regions 
overall and did exhibit a lot less of the single-phase Laves growth. Hence, any remaining 
lamellae in the Ti-40Al-10M n alloy were seen to be more rigid and continuous than was 
so in the Ti-40Al-5M n alloy after 1500 hours ageing.
The 2000-hour aged microstmcture did rather resemble the 1500-hour* aged alloy, 
apart from a few minor variations. The p phase had been further consumed so that it was 
no longer* locatable during EPMA analysis. There was widespread termination migration, 
coarsening of Laves phase lamellae and clusters or agglomerates by conventional 
(Ostwald) ripening (figures 3.40, 3.41 and 3.42 in Section 3.5.4). At 2000-hours ageing, 
the X had increased by 1.31pm from the 1500-hour* aged condition (Table 3.14) and was 
greater* by 4.11pm compared to the starting fully lamellar X. The increase in r  had 
continued at a constant rate of 1.4x10'3 h '1 from the 1000 and 1500 hours aged 
conditions, as shown in figure 3.50. This meant that the modes o f lamellar coarsening 
were continuing to operate, and further evidence o f the lamellar deterioration is shown in 
figure 5.13, which depicts thread-like a 2 lamellae that appeared to have undergone
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Figure 5.14: EPMA backscatter electron micrograph of the 2000-hour aged Ti-40A1- 
5Mn alloy, showing the fragmented lamellar microstructure with several 
Laves phase precipitates amongst the thinned a 2 lamellae.
' 20(jm 1
5.13: EPMA backscatter electron micrograph of the 2000-hour aged Ti-40A1- 
5Mn alloy showing extensive termination migration and Ostwald ripening 
of Laves lamellae, with practically no continuous a 2 lamellae remaining.
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widespread termination migration and further transformation and coarsening of the Laves 
phase lamellae. Some a 2 lamellae were so thin and fragmented that mere “blips” of the 
a 2 phase appeared to remain along the parallel directions where previously continuous 
lamellae would have existed. Figure 5.14 shows the Laves phase clusters and a 2 lamellae 
that had been ebbed away substantially leaving “pockets” of the y phase (marked by 
arrows). The EDX data o f the 2000-hour aged Ti-40Al-5M n alloy in Table 3.10 showed 
that little compositional change had taken place from the 1500-hour aged condition, apart 
from the absence of any analysable (3 phase grains, due to its extensive transformation to 
the Laves phase.
The (3 phase must have been present in residual amounts only, which seemed to 
appear in the X-ray diffractogram o f figure 3.43. Laves lamellae analysis in the TEM 
EDX data o f Table 3.11 was almost identical to that o f the EPMA results o f which such 
features were presented in the micrographs o f the figures 3.44 and 3.45. The Ti content of 
the y lamellae was now greater at the centre, and the Al content showed no appreciable 
differences in content between the centre and the edge, as shown in figure 3.46 and Table
3.12. Interestingly, Mn segregation in the y phase tended towards the edge, greater by 2.7 
at % compared to the centre. The Ti, Al and Mn concentration profiles in the a 2 lamellae 
appeared invariable with no notable differences in content from the centre to the edges of 
the a 2 lamellae (figure 3.47 and Table 3.13).
To summarise, for the Ti-40Al-5M n alloy substantial microstructural and 
morphological change took place over the course of 2000 hours o f isothermal ageing at 
800°C. The X and the coarsening ratio r were seen to follow a fairly constant profile, after 
an abrupt change at about 500 hours. This may have corresponded to the acceleration of 
one or more coarsening mechanisms, such as termination migration and Ostwald 
ripening. Specific mechanisms of lamellar evolution that had not arisen so far include the 
already less-acknowledged edge spheroidisation, and discontinuous coarsening via grain 
boundary migration (see Section 1.7).
A summary of the key features of the Ti-40AL-5Mn alloy microstructure, against 
thermal ageing condition are given in Table 5.7. A fairly sluggish transformation path 
from prior a 2 lamellae in the fully lamellar Ti-40Al-5M n alloy, to the [3 and finally
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Laves phases, resulted in the formation of relatively coarse Laves phase lamellae most 
notably seen in the 2000-hour aged alloy. When briefly compared against the Ti-40A1~ 
lOMn alloy, it could be argued that its a 2 lamellae were more robust and less susceptible 
to coarsening, however the total volume of a 2/y lamellar regions diminished much 
quicker, with more substantial Laves phase transformation and growth than in the Ti- 
40Al-5Mn alloy.
Condition Key features of Ti-40Al-5Mn alloy microstrueture
Fully
Lamellar
Continuous / solid a 2/y lamellae of variable thickness, p linings on interfaces 
with breaks and some necking of a 2 lamellae, p grains at colony boundaries.
500hr
Some termination migration of a 2/y lamellae, a 2 lamellae thinning and 
growth of agglomerates. Coarsening of p grains at colony boundaries. No 
major change in interlamellar spacing X.
lOOOhr
More a 2 termination migration, Ostwald ripening of a 2 agglomerates. 
Increase volume of matrix y. Laves grains now grown inside former a 2 or p.
Significant increase in X.
1500hr
Extensive termination migration of a 2 lamellae, now very thin and thread­
like. Ostwald ripening of Laves lamellae and agglomerates. Decrease in 
volume of the p phase. More matrix y regions and further increase of X.
2000hr
Extensive termination migration of a 2 lamellae, major Ostwald ripening of 
Laves phase lamellae and agglomerates. No visible signs of p. Some 
increase in matrix y regions and another considerable increase in X.
Table 5.7: Key features of the Ti-40Al-5Mn alloy microstructure with thermal ageing.
5.5.3 The T i-4 0 A I-1  OMn alloy
In the fully lamellar Ti-40Al-10Mn alloy, figures 3.62 and 3.63 (Section 3.8) 
showed that continuous and unbroken a 2/y lamellae were characteristic of the 
microstructure observed. Figures 3.64 and 3.65 showed that the boundaries of lamellar 
colonies contained precipitates of the grey-light p phase. The y, a 2, and p phases were 
analysed under EPMA and the data was given in Table 3.17. The X-ray diffractogram in 
figure 3.66 recorded several peaks of these phases, and the Laves phase might have been 
present in trace amounts only, as only one peak was identified. Figure 5.15 reveals the' 
naturally varying lamellar thicknesses in the colony running horizontally having visibly
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broader spacing than the lamellar array running in the vertical direction. Phase contrast 
also shows that as with the fully lamellar Ti-40Al-5Mn alloy, a 2/y lamellar interfaces in 
the Ti-40Al-10Mn alloy possessed linings of what appeared to be the (3 phase, which 
also grew as random dispersions of thin streaks, preferentially within the thickest a 2 
lamellae. Breaks in the p linings are also seen to occur in figure 5.14, as was observed in 
the Ti-40Al-5Mn alloy in figures 3.17, 5.5 and 5.6. The p phase linings had served as 
activation sites for mechanisms of lamellar morphological evolution to commence during 
thermal ageing.
Figure 5.16 shows a broadly spaced lamellar colony and a detailed view of the a 2/y 
morphology. The apparent p phase lining between a 2 and y lamellae, as well as streaks 
within the thicker a 2 lamellae can again be observed, as are a range of lamellar 
thicknesses. Also within this specific region, small rounded particles of either the a 2 
phase or lighter-contrast p are seen dotted around the broad y lamella. The X value of the 
fully lamellar Ti-40Al-10Mn alloy, given in Table 3.27 and figure 3.95, was greater by 
0.92pm compared to the Ti-40Al-5Mn alloy (Table 3.14). This was attributed to the 
higher Mn content encouraging greater y phase growth during a 2/y lamellar formation. 
TEM micrographs in figures 3.67 and 3.68 showed how the a 2/y lamellar morphology 
was highly planar, continuous and intact and contained very few defects (such as a “Y”- 
junction seen in figure 3.67). This condition dramatically changed following 2000-hours 
of thermal ageing, as was seen in figures 3.91 and 3.92. In the TEM micrographs of the 
fully lamellar Ti-40Al-10Mn alloy it was not possible to identify or analyse the p phase 
due to its thin and streaky nature, lack of phase contrast and the spatial resolution 
limitations of TEM-EDX analysis.
The element segregation behaviour of Ti, Al and Mn in the y lamellae of the fully 
lamellar Ti-40Al-10Mn alloy was shown in figure 3.69 and Table 3.18. Just like the 
fully lamellar Ti-40Al-5Mn alloy, the Ti and Al contents increased and decreased 
respectively, at the edges of the y lamellae. However, the degree of difference in the Ti- 
40Al-10Mn alloy was only around 3 at % for both Al and Ti contents, compared to 6.6 at 
% and 7.6 at % for Al and Ti in the Ti-40Al-5Mn alloy y lamellae (see Table 3.5). Thus, 
the scale of segregation behaviour in the fully lamellar Ti-40Al-10Mn y lamellae was
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considerably lower. It may have been that a somewhat prolonged y lamellae growth not 
only led to the greater value of X but produced a partially more homogeneous y lamellar 
phase in the Ti-40Al-10Mn alloy. In terms of the a 2 lamellae, the Ti and Al contents 
were concentrated at the centre and the edges respectively, and the amount of difference 
was around 5 at % for both elements (figure 3.70 and Table 3.19). The scale of 
segregation behaviour in the Ti-40Al-5Mn a 2 lamellae was also around 5 at % (Table 
3.6). Only the Mn profile was fairly consistent in the y and a 2 lamellae of the fully 
lamellar Ti-40Al-10Mn alloy, showing no appreciable segregation behaviour, just as in 
the Ti-40Al-5Mn alloy.
Following 500 hours of thermal ageing at 800°C, the fully lamellar Ti-40Al-10Mn 
alloy underwent some extensive microstructural changes (Section 3.9.1). Elimination of 
the residing a 2/y lamellar microstructure was very widespread as shown in figure 3.71 
and was replaced by single-phase grains or formations of the y, a 2, |3 and Laves phases. 
Figures 3.72 and 3.73 revealed the extent of microstructural change, compared to figures 
3.63 and 3.64 of the fully lamellar alloy. Long and elongated agglomerates of the a 2 
phase had formed perhaps by Ostwald ripening, with overlapping [3 and Laves facetted 
phase growths (figure 3.73). In terms of the a 2/y lamellar morphology, figures 3.74, 5.17 
and 5.18 showed how the a 2 lamellae appeared to have partially thinned, and exhibited 
only a small degree of termination migration. The p phase linings were still present 
running along a 2/y lamellar interfaces, although it was not clear as to whether the linings 
had partially transformed to the Laves phase as a consequence of thermal ageing.
The EPMA data was given in Table 3.20 and the X-ray diffractogram in figure 3.75 
confirmed the analysed phases. Marked differences in a 2 and p phase compositions were 
seen between the fully lamellar and 500-hour aged Ti-40Al-10Mn alloys (compare 
Tables 3.17 and 3.20). The Al and Mn contents had decreased in a 2, and Mn in the p 
phase was considerably greater after 500-hours thermal ageing. The depletion of Mn ill 
any existing a 2, suggested it had partly diffused out to supply the transformation a 2 -» p 
+ Laves. Compared briefly against the 500-hour aged Ti-40Al-5Mn alloy in Sections
3.5.1 and 5.5.2, the Ti-40Al-10Mn alloy lamellar morphology showed a similar degree 
of a 2 lamellar thinning and single-phase transformations (apart from the Laves phase),
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Figure 5.15: EPMA backscatter electron micrograph of the fully lamellar Ti-40Al-10Mn 
alloy, showing two a 2/y lamellar colonies converging, p phase grains are 
seen as well as breaks in the p linings of a 2/y lamellae (pointed by arrows).
Figure 5.16: EPMA backscatter electron micrograph of the fully lamellar Ti^tOAl- 
lOMn alloy, p phase streaks are seen within the thickest a 2 lamellae.
2 1 0
Chapter 5: Discussion
although the a 2 lamellae in the Ti-40Al-10Mn alloy overall seemed slightly less 
fragmented with fewer terminations inside colonies. The X after 500 hours thermal ageing 
had slightly increased to 2.93pm, from 2.75pm in the fully lamellar alloy (figure 3.95 and 
Table 3.27). The change in X matched that of the Ti-40Al-5Mn alloy and the coarsening 
ratio (r) of the two Ti-Al-M n alloys were practically identical when comparing figures 
3.50 and 3.96.
The Ti-40A1—lOMn alloy after 1000-hours ageing exhibited more pronounced 
transformations of the microstructure and a 2/y lamellar morphology. Figures 3.77 and
3.78 showed further elimination of the a 2/y lamellar regions and more of the y-phase 
matrix, plus a greater volume of the Laves phase compared to the 500-hour aged Ti- 
40Al-10Mn alloy. Figures 3.79, 5.19 and 5.20 show that a 2/y lamellar regions had 
somewhat more termination migration points and contained more Laves phase in the 
form of mainly long, thin and slightly smooth-surfaced lamellae aligned with or growing 
inside the a 2 lamellae, perhaps by the Ostwald ripening mechanism. This indicated that 
the (3 -» Laves transformation was continuing to operate by consuming any remaining p 
phase quantities, such as the linings along a 2/y lamellar interfaces (and streaks within a 2 
lamellae) which were presented in the fully lamellar condition.
The most striking feature seen after 1000-hours ageing were the small needle-lilce 
formations, circled in figure 3.78, which were renucleations of the a 2 phase on different 
(111) planes of the y matrix. The X-ray difffactogram in figure 3.80 confirmed the 
presence of phases given in the EPMA data for the 1000-hour aged alloy (Table 3.21). 
No notable differences in composition were found between the 500 and 1000 hours aged 
conditions (comparing Tables 3.20 and 3.21). The change in X after 1000 hours ageing of 
the Ti-40Al-10Mn alloy was more significant though, increasing by 1.0pm as shown in 
Table 3.27 and figure 3.95. In turn, the coarsening ratio r  increased to 1.43, from 1.07 in 
the 500 hour aged condition with a greater rate of increase between 500 and 1000 hours 
(figure 3.96). Compared against the 1000-hour aged Ti-40Al-5Mn alloy in Sections
3.5.2 and 5.5.2, more lamellar microstructure had been.eliminated and replaced by Laves 
grains and y-matrix regions in the Ti-40Al-10Mn alloy. The formation of Laves 
lamellae within a 2 lamellae (by Ostwald ripening) was more than that seen in the Ti—
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Figure 5.17: EPMA backscatter electron micrograph of the 500-hour aged Ti^lOAl- 
lOMn alloy, displaying somewhat thinned lamellae compared to the fully 
lamellar alloy. No major termination migration is visible in these lamellae.
Figure 5.18: EPMA backscatter electron micrograph of the 500-hour aged Ti-40A1-
lOMn alloy. A few a 2 lamellar termination migration points appear (white 
arrows) and the recession of the a 2/y lamellar colony (black arrows).
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40Al-5Mn alloy and there were none of the needle-like oc2 formations as seen in figure
3.78 of the 1000-hour aged Ti-40Al-10Mn alloy. In the TiX0Al-5Mn alloy, X2 was 
3.48jam compared to 3.93pm in the Ti-40Al-10Mn alloy. However, r2 was smaller by 
0.47 in the Ti-40A1—lOMn alloy, thus meaning the magnitude of coarsening was less 
(compare Tables 3.14 and 3.27; figures 3.50 and 3.96).
The a 2/y lamellar areas were further consumed after 1500 hours ageing of the Ti— 
40Al-10Mn alloy (Section 3.9.3). Figure 3.82 showed that lamellar areas had coalesced 
into a 2 agglomerates and y-matrix regions, along with numerous irregularly shaped 
Laves phase clusters. Figure 3.83 also represents how any remaining lamellar zones had 
compacted or receded and were surrounded by agglomerates of a 2, or mainly Laves 
clusters and y-matrix. This indicated that Ostwald ripening had continued to consume 
a 2/y lamellar regions and any remnant (3 phase for the formation of Laves. Figure 3.84 
also shows evidence of Laves lamellae formation, seen as coarse or relatively broad, light 
contrast laths with rounded tips.
Figure 5.21 shows an a 2/y lamellar colony where a lighter-contrast phase still 
partially lines some remaining a 2 lamellae, and appears to be the (3 phase (by EPMA 
contrast). Figure 5.22 shows a similar condition where the deterioration of the a 2/y 
lamellar micro structure had led to the formation of coarsened nodules, and elongated 
formations or laths of Laves, by the Ostwald ripening mechanism. Signs of termination 
migration in the a 2 lamellae were slightly more apparent here in the 1500-hour aged 
condition, compared to the earlier ageing times. The X-ray diffractogram of figure 3.85 
was in agreement with the phases analysed in the EDX data of Table 3.22. Compared to 
the 1000 hour aged alloy, the only discemable difference was a decrease in the Mn 
content by 2.2 at % in the |3 phase after 1500 horns ageing, probably as the continuing 
phase transformations to the Laves phase depleted the phase composition of any 
remaining (3 phase. The X value at 1500 hours had not increased significantly compared 
to the 1000 hours ageing. Only an increase of 0.08pm was recorded between 1000 
(X2 = 3.93pm) and 1500 hours (X3 = 4.01pm) in Table 3.27 and figure 3.95. Thus, the 
coarsening profile of the Ti-40Al-10Mn alloy in figure 3.96 displayed a levelling off 
after 1000 hours, signifying a slowing down in coarsening activity within tlie retained
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Figure 5.19: EPMA backscatter electron micrograph of the 1000-hour aged Ti-40A1- 
lOMn alloy, with thinned a 2 lamellae, containing more Laves grains and 
lamellae than in the 500-hour aged alloy.
Figure 5.20: EPMA backscatter electron micrograph of the 1000-hour aged T©40A1- 
lOMn alloy, showing thinned a 2 lamellae showing a few termination 
migration points and Laves phase nodules within a 2 lamellae.
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lamellar microstructure. This did not mean however that the colony boundaries were not 
receding away or being consumed by conventional Ostwald ripening. This appeared to 
carry on by the further growth of single-phase a 2 and Laves clusters or agglomerates that 
presented themselves throughout the 1500-hour aged microstructure.
It could be argued however, that the interiors of a 2/y lamellar regions were less 
susceptible to termination migration. By comparing figures 5.21 and 5.22 with figures 
5.11 and 5.12 of the 1500-hour aged Ti-40Al-5Mn alloy, we can see that the Ti-40A1- 
lOMn alloy lamellar morphology suffered less a 2 fragmentation, with fewer termination 
migration points and appeared to be generally more robust. Between 1000 and 1500 
hours ageing, lamellar coarsening of the Ti-40Al-5Mn alloy overtook that of the Ti- 
40Al-10Mn alloy, where Z3 was 4.63 and 4.01pm respectively and r3 was considerably 
greater between the two alloys, by 1.07 (compare Tables 3.14 and 3.27) and hence their 
coarsening behaviours were markedly different.
More substantial degeneration and consumption of the a 2/y lamellar microstructure 
was witnessed in the 2000-hour aged Ti-40Al-10Mn alloy in Section 3.9.4. Figure 3.87 
displays numerous coarsened clusters and agglomerates of the a 2 and Laves phases with 
little retained a 2/y lamellar regions. Figure 3.88 shows evidence of how Ostwald ripening 
of single-phase clusters or agglomerates surrounding remnant lamellar colonies had taken 
place. The lamellar region interiors themselves appeared to have even more coarsened 
Laves phase lamellae that would have formed from the former (3 phase linings seen in the 
fully lamellar condition, via the P Laves transformation.
This was confirmed by figures 3.89, 5.23 and 5.24 in which it is shown how either 
nodules or lamellar-like Laves phases with smooth surfaces occupied any remaining 
lamellar pathways. Laves lamellae mainly formed within existing a 2 lamellae rather like 
in the 2000-hour aged Ti-40Al-5Mn alloy, except these were coarser in the Ti-40A1- 
lOMn alloy. It appeared as though lamellar fragmentation and termination migration in 
the 2000-hour aged Ti-40Al-10Mn alloy was more extensive than in the 1500 hour aged 
condition, comparing figures 3.84, 5.21 and 5.22 against 3.89, 5.23 and 5.24. Any p 
phase grains suitable for analysis were impossible to locate in the EPMA, but must have 
been present in trace amounts according to the X-ray diffractogram of figure 3.90.
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Figure 5.22: EPMA backscatter electron micrograph of the 1500-hour aged Ti-40A1- 
lOMn alloy. More significant amounts of Laves lamellae are seen along 
with apparently renucleated-a2 lamellae or “needles” (pointed by arrows).
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5.21: EPMA backscatter electron micrograph of the 1500-hour aged Ti—40A1- 
lOMn alloy, displaying large agglomerates of a 2 and Laves at the colony 
boundaries, plus retained lighter-contrast (3 or Laves lining a 2/y lamellae.
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The phases that were analysed (given in Table 3.23) showed no discemable 
difference in composition compared to the 1500 hour aged alloy (Table 3.22). There were 
differences in the TEM-EDX and EPMA data for the Laves phase of the 2000-hour aged 
alloy (compare Tables 3.23 and 3.24). This would be due to EPMA scans being taken 
from locations on a large surface as opposed to the much more localised space of a TEM 
specimen within which the phase compositions may exhibit less variance. The Ti, Al and 
Mn segregation behaviour in y lamellae was quite different after 2000 horns ageing, as 
shown in figure 3.93 and Table 3,25. The Ti content remained constant in y, although it 
could be argued that Mn segregated towards the edges by just 1.3 at %. Compared to the 
more notable differences in the Ti and Al contents in the fully lamellar y lamellae (figure 
3.69 and Table 3.18) this phase had undergone homogenisation after 2000 horns ageing.
The same situation arose between the oc2 lamellae of the fully lamellar and 2000-hour 
aged alloys as a comparison of figure 3.70 and Table 3.19, against figure 3.94 and Table 
3.26 will show. No discemable trends in the Ti, Al or Mn profiles were seen in 2000- 
hours aged alloy, and hence the remnant a 2 lamellae had also homogenised. It is worth 
bearing in mind though that as the a 2 lamellae were considerably thinner in the aged 
condition, the centres and edges of each a 2 lamellae would consequentially be closer 
together, and hence partly influence the outcome of the analysis. The change in X from 
1500-hours to 2000 horns ageing had shown an increase of 0.36pm in Table 3.27 and 
figure 3.95, possibly due to the greater Laves nodule / lamellae coarsening and the 
partially greater extent of termination migration seen in the 2000-hour aged condition, as 
a corresponding minor increase in the rate of r  between 1500 and 2000 hours would also 
suggest (2.8xl0'4 h’1 in figure 3.96).
To summarise, the Ti-40Al-10Mn alloy apparently showed resilience of the lamellar 
morphology, in terms of modes of lamellar fragmentation and coarsening. There were 
less terminations within colonies of the Ti-40Al-10Mn alloy, compare figures 5.13 and 
5.14, against figures 5.23 and 5.24. Also, the coarsening ratio (r) profile did not increase 
to the same extent as for the Ti-40Al-5Mn alloy (compare figures 3.50 and 3.96). It 
could be perceived that termination migration of the lamellar colony boundaries 
themselves, led to these regions being replaced by the y-matrix or any other phases.
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Figure 5.24: EPMA backscatter electron micrograph of the 2000-hour aged Ti—40A1- 
lOMn alloy, featuring copious Laves nodules and lamellae and increased 
termination migration. Arrows mark a 2-reprecipitated lamellae.
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5.23: EPMA backscatter electron micrograph of the 2000-hour aged Ti-40A1- 
lOMn alloy, depicting lamellar degeneration and termination migration 
Arrows mark ct2-reprecipitated lamellae.
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However, in this evaluation termination migration within lamellar regions, was 
considered as being a separate occurrence to termination migration of the colony 
boundaries (Bartholomeusz and Wert, 1994) which more accurately is the recession of a 
lamellar colony, or the retreat of a lamellar region with an equivalent expansion of the 
y-matrix, or indeed other non-lamellar formations such as the (3 or Laves phase.
Ostwald ripening of single-phase oc2 agglomerates at colony boundaries, and also 
Laves lamellae inside lamellar regions was far greater in the Ti-40Al-10Mn alloy (most 
notably in figure 3.88). As will be shown in Section 5.5.4, The Ti-40Al-10Mn alloy sat 
closer to the Laves phase region of the ternary Ti-Al-Mn phase diagram, and as such it 
would have tended to produce the Mn-rich phase earlier on in the thermal ageing 
treatment (figure 5.26). A summary of the key features of the Ti-40Al-10Mn alloy 
microstructure, against thermal ageing condition is given in Table 5.8.
Unusual features lay in the y-matrix of the aged Ti-4-OAl-lOMn alloy. The small 
“needle” like growths corresponded to the a 2 phase by its backscatter electron image 
contrast, but some may have even been p. It is believed that these growths were 
reprecipitation points of mainly the a 2 phase on low-energy {111 }Y planes within the y 
lamellar or matrix phase (Mitao and Bendersky, 1997). Essentially, these “needles” were 
either reformed a 2 phase or p phase lamellae on given {111 }Y interfaces, displaying 
angles of around 71° between the various planes or directions of growth. It is not known 
why these were so prominent in the Ti-40Al-10Mn alloy and not observed in the T i- 
40Al-5Mn alloy.
5.5.4 Phase transformations in the Ti-Al-Mn alloys
The microstructural changes witnessed during isothermal ageing of the Ti-40A1- 
5Mn and Ti-40Al-10Mn at 800°C can be understood by considering the ternary Ti-A l- 
Mn system on which these alloys are based. Figure 5.25 is the 1300°C isothermal section 
of the Ti-Al-Mn alloy, calculated and drawn using the PANDAT phase diagram 
software. Both alloy compositions are in the vicinity of the p and a 2/y phase fields, but 
the Ti-40Al-10Mn alloy is somewhat closer to the (Mn2Ti) Laves phase field. As was 
demonstrated by the results of the experimental work in Chapter 3, an a 2/y lamellar
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Condition Key features of the Ti-40Al-10M n alloy microstructure
Fully
Lamellar
Continuous / solid a 2/y lamellae of variable thickness, p linings on interfaces 
with a few broken a 2 lamellae, p grains at colony boundaries.
500h
Very little termination migration within a 2/y lamellae, but major loss of 
lamellar colonies and a 2 lamellae thinning. Growth of mainly Laves 
agglomerates. No major change in interlamellar spacing X.
lOOOh
Termination migration of the colony boundaries only. Ostwald ripening of 
Laves nodules and grains. Large volume fraction of y matrix with “needle”- 
like a 2 precipitates. Significant increase in X.
1500h
Substantial Ostwald ripening of Laves grains, nodules and lamellae. 
Partially more termination migration within lamellar regions, but significant 
recession of these. Needle like formations in y-matrix. Little change in X.
2000h
More notable termination migration of a 2 lamellae inside remaining 
colonies. Continued Ostwald ripening of Laves phase lamellae and grains. 
No visible signs of p. Minor increase in X.
Table 5.8: Key features of the Ti-40Al-10Mn alloy microstructure with thermal ageing.
microstructure along with minor precipitates of the (3 phase, had formed at colony 
boundaries and as parallel linings along the a 2/y lamellar planes or interfaces following 
heat treatment at 1300°C. EPMA analysis was used to identify these phases by their 
compositions, and XRD data was found to be in agreement with the results. During 
thermal ageing at 800°C, the Ti-40Al-5Mn and Ti-40Al-10Mn alloys were driven 
towards a more equilibrium condition, and was represented by the extensive 
microstructural transformations that were presented in Chapters 3.5 and 3.9. The two Ti- 
Al-Mn alloys resided in an a 2-y-Laves phase triangle region, as indicated in figure 5.26, 
which is the 800°C isothermal section of the Ti-Al-Mn alloy.
The compositions of the y, a 2 and Laves phases at the triangle points marked out in 
figure 5.26 are given in Table 5.9. Right across the full 2000-hour thermal ageing range it 
was apparent from the EDX results of the analysed phases in both Ti-Al-M n alloys, that 
the Ti—40Al-10Mn alloy shifted closer towards the equilibrium composition than did the 
Ti-40Al-5Mn, when referred to against the compositions in Table 5.9. Over the course of 
thermal ageing at 800°C, the transformation to the Laves phase took a sluggish course 
and this was most evident in the Ti-40Al-5Mn alloy composition, which resides further 
away from the Laves phase region. The microstructural changes were brought about by
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the transformation of the (3 phase foremost, as its composition is closer to that of the 
Laves than is the a 2 phase which transformed to Laves lamellae and coarse clusters or 
nodules that were particularly prominent in the 2000-hours aged Ti-Al-Mn alloys. The 
phase transformations ate into the a 2/y lamellar colonies and consumed the off- 
equilibrium microstructure in favour of the singular-phase, clusters or agglomerated 
formations seen greatly in the latter stages of thermal ageing, with significant volumes at 
1000-hours and beyond. To summarise the compositional changes observed, Tables 5.10 
and 5.11 contain the EPMA data from the Ti-40Al-5Mn and Ti-40Al-10Mn alloys in 
which direct comparisons can be made of the changes in phase composition during 
thermal ageing. The data shows how the Mn content had substantially increased from the
X[AL]
Figure 5.25: 1300°C isothermal section of the Ti-Al-Mn system. The Ti-40Al-5Mn 
alloy is marked by<$> and the Ti-40Al-10Mn alloy marked by®.
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Figure 5.26: 800°C isothermal section of the Ti-Al-Mn system. The Ti-40Al-5Mn 
alloy is marked by<$> and the Ti-40Al-10Mn alloy marked by®.
Phase Element at %
Ti Al Mn
Y 49.1 45.6 5.3
a2 61.3 35.1 3.6
Laves 33.0 32.0 35.0
Table 5.9: Compositions at the phase triangle points marked on the 800°C 
Ti-Al-Mn isothermal section given in Figure 5.26.
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alloy Element at % phase
Fully Lamellar Ti Al Mn identity
dark 51.5 45.7 2.8 y
grey-dark 58.8 35.6 5.6 a2
grey-light 58.8 30.4 10.8 P
500 h ageing
dark 52.3 44.9 2.8 Y
grey-dark 65.3 31.8 2.9 a2
grey-light 55.5 27.4 17.1 P
1000 h ageing
dark 52.0 45.2 2.8 Y
grey-dark 64.9 32.1 3.0 a2
grey-light 55.1 28.6 16.3 P
light 39.5 29.9 30.6 Laves
1500 h ageing
dark 50.2 46.2 3.6 Y
grey-dark 65.2 31.9 2.9 a2
grey-light 56.4 28.3 15.3 P
light 38.0 27.2 34.8 Laves
2000 h ageing
dark 50.5 45.9 3.6 Y
grey-dark 65.3 31.9 2.8 a2
light 37.4 27.6 35.0 Laves
.10: EPMA data for the fully lamellar and agec Ti-40A1-5M n alloys.
fully lamellar condition where it was 10.8 at % to the 500 hour aged condition where it 
was 17.1 at % in the Ti-40Al-5Mn alloy p phase (see Table 5.10). The overall sequence 
was a 2 P Laves, but any residual a 2 phase in the aged alloys saw a decreased Mn 
content from the fully lamellar condition, as it would have diffused out to provide the 
increase in p phase Mn content. The p phase then underwent a sluggish p Laves 
transformation, which emerged after 1000 hours ageing. The same sequence of events 
was seen in the Ti-40Al-10Mn alloy, as Table 5.11 shows. However, the Laves phase 
emerged sooner and its Mn content had already reached 35.0 at % (Tables 5.9 and 5.11) 
after only 500 hours ageing, compared to 1500 hours for the Ti-40Al-5Mn alloy.
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alloy Element at % phase
Fully lamellar Ti Al Mn identity
dark 48.1 47.2 4.7 y
grey-dark 58.1 35.5 6.4 a2
grey-light 57.6 29.2 13.2 P
500 h ageing
dark 49.2 46.2 4.6 y
grey-dark 64.8 32.3 2.9 a2
grey-light 54.8 26.9 18.3 P
light 37.1 27.9 35.0 Laves I
1000 h ageing
dark 49.6 45.7 4.7 Y !
grey-dark 65.3 31.8 2.9 a2
grey-light 55.3 27.3 17.4 P
light 36.9 27.7 35.4 Laves 1
1500 h ageing
dark 49.6 45.8 4.6 Y
grey-dark 65.1 32.3 2.6 a2
grey-light 56.3 28.5 15.2 P
light 36.8 28.8 34.4 Laves
2000 h ageing
dark 51.5 44.2 4.3 Y
grey-dark 65.5 31.8 2.7 a2
light 36.8 28.1 35.1 Laves
Table 5.11: EPMA data for the fully lamellar and aged Ti-40Al-10Mn alloys.
5.5.5 The Ti-47AI-4(Nb, Mn, Cr, Si, B) alloy
As with the two Ti-Al-Mn alloys, the fully lamellar Ti-47Al-4(Nb, Mn, Cr, Si, 
B) alloy underwent considerable microstructural changes as a consequence of thermal 
ageing, at 800°C up to 2000 hours. One decisive factor that determined the coarsening 
behaviour of this alloy was that its initial mean interlamellar spacing (X) in the fully 
lamellar condition, and throughout the ageing experiment was several times greater than 
in either of the Ti-Al-Mn alloys, as shown in Section 4.4.5. The majority of a 2 lamellae 
had planar interfaces, were continuous and had no breaks or terminations along their
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length. However, some a 2 lamellae appeared to have signs of fragmentation or a bowed 
(non-planar) morphology, as can be seen in figure 4.15 of Section 4.3. Continuous a 2 
lamellar regions are shown in figures 4.17 and 5.27. A few thinned and broken a 2 
lamellae are seen in figure 5.27 but overall the a 2/y lamellar morphology was uniform 
and rigid. However, in figure 5.28 the a 2/y lamellar array contains features such as 
broken a 2 lamellae, distorted or bowed lamellae and bifurcation or “Y”-junctions along 
a few a 2 laths. Therefore, the initial lamellar morphology was by no means perfect and 
possessed the sites suitable for thermally activated degeneration to commence.
In almost all of the lamellar arrays, lamellar size and spacing was non-uniform. As 
figures 4.17, 4.21, 5.27 and 5.28 show, the alternating laths were generally of thick y 
lamellae alongside thinner a 2 lamellae that sometimes congregated or bunched up at 
points (marked by an arrow in figure 5.27). This is a trait observed in other boride- 
containing alloys (Huang et al, 2000) and resulted in the standard deviation of the X 
values being significantly higher in the Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy (Table 4.14) 
than in the Ti-40A1—5Mn and Ti-40Al-10Mn alloys. The initial value of X was 9.33pm 
(figure 4.49) compared to 1.83 and 2.75pm for the Ti-40Al-5Mn and Ti-40Al-10Mn 
alloys respectively. The reasons for why X may have become so large were discussed in 
Section 5.4 and of other boride-containing TiAl alloys in Section 1.4.1.1. Our 
observations are in agreement with the work of Srivastava (1999) and Hu (2002).
The borides may have contributed to the non-uniform lamellar growth in the Ti- 
47Al-4(Nb, Mn, Cr, Si, B) alloy but the influence of Ti-Si based phases on the lamellar 
morphology is unknown. The TisSi3 phase was not identified by EPMA analysis but the 
X-ray diffractiogram in figure 4.18 recorded possible Ti5Si3 phase peaks, among the other 
phases y, a 2 and TiB. Element segregation behaviour in the y lamellae appeared 
insignificant, with only a minor increase in Al content by 1.5 at % at the edges of this 
phase (figure 4.23 and Table 4.6). This was quite different to the segregation behaviour 
of the fully lamellar Ti-Al-Mn alloys in which Ti Segregated towards the edges instead, 
by 6.6 and 3.1 at % in the Ti-40Al-5Mn and Ti-40Al-10Mn alloys respectively. 
Segregation in the a 2 lamellae of the Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy was more 
significant and showed an increase and decrease in Al and Ti at the edge by around 4 at
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% (figure 4.24 and Table 4.7). This was consistent with the segregation behaviour in a 2 
lamellae of both fully lamellar Ti-Al-Mn alloys. Due to a higher nucleation temperature 
of the y phase in TiAl alloys containing boron (Zhang et al, 1997; Srivastava et al, 1999), 
the extended growth-time and resultant widening of the y lamellae may have also allowed 
them to become more homogeneous than the a 2 lamellae.
After 500 hours of ageing at 800°C, significant changes were observed in the Ti- 
47Al-4(Nb, Mn, Cr, Si, B) alloy, as was shown in Section 4.4.1, in which figure 4.26 
revealed how inter-colony regions of y-matrix had grown at the expense of the a 2/y 
lamellae. Boride stringers of various lengths still appeared to be randomly distributed 
around the microstructure, and did not appear to have altered the lamellar morphology 
during ageing. Crucially, a 2 lamellae appeared to have been substantially consumed or 
undergone dissolution after 500 hours ageing as a comparison of figures 4.28, 5.29 and 
5.30 against figures 4.17, 5.27 and 5.28 from the fully lamellar condition reveal. The 
relatively tighter lamellar spacing, and the quantity and thickness of a 2 lamellae were 
markedly reduced after 500 hours ageing. There were no real indications of other 
mechanisms being significantly active at this stage, such as boundary splitting or 
termination migration within colonies. The a 2 lamellae had substantially thinned away by 
dissolution, as figures 5.29 and 5.30 reveal how diminished they were compared to the 
fully lamellar condition and with a resultant broadening of y phase lamellae.
In the Ti-Al-M n alloys after 500 hours of thermal ageing, there was some minor 
coarsening of the lamellar microstructures, but with the recession of a 2 lamellae came 
formations of single-phase grains of a 2 or p. This appeared not to be the case in the 500- 
hour aged Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy, and instead the a 2 lamellae had simply 
undergone dissolution and were consumed by the y-phase. It could perhaps be implied, 
that this was an Ostwald ripening process where wide lamellar or inter-colony y grew at 
the expense of the a 2 lamellae. Results from Beschliesser et al (2002) bear similarities to 
the changes seen in the 500-hours aged Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy. They had 
encountered thinning of a 2 lamellae, distortions in their morphology and an overall 
expansion and growth of y phase lamellae and grains (see Section 1.8.2).
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Figure 5.27: EPMA backscatter electron micrograph of the fully lamellar Ti-47A1 
-4(Nb, Mn, Cr, Si, B) alloy containing a reasonably rigid a 2/y lamellar 
morphology, with bunched-up thin a 2 lamellae (marked by arrow).
Figure 5.28: EPMA backscatter electron micrograph of the fully lamellar Ti-47A1 
-4(Nb, Mn, Cr, Si, B) alloy, displaying split and branched a 2 lamellae.
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However, at a time of 500 horns ageing of the Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy, an 
absolute comparison cannot be made to the work of Beschliesser et al (2002), as the 
ageing times and initial lamellar spacings were markedly different. The microstructural 
changes in the Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy during ageing were accompanied by a 
corresponding change in X. Table 4.14 and figure 4.49 showed a significant increase in X, 
by 4.58pm from the fully lamellar condition. The coarsening ratio (r) had also increased 
by a greater amount than for either of the two Ti-Al-Mn alloys (figure 4.50). The X-ray 
diffractogram in figure 4.29 confirmed the presence of the y, a 2 and TiB phases with 
possible traces of the Ti5Si3 phase. There were no appreciable changes in phase 
composition between the fully lamellar and 500 hours aged alloys, as a comparison of the 
EPMA data in Tables 4.5 and 4.8 reveals. The behaviour is in contrast to the major 
changes seen in the two Ti-Al-Mn alloys, particularly in terms of the Al and Ti content 
in the y and a 2 phases.
After 1000 hours of thermal ageing, the folly lamellar Ti-47Al-4(Nb, Mn, Cr, Si, B) 
alloy exhibited dramatic changes in microstructure (Section 4.4.2). Figures 4.31 and 4.32 
show how the a 2/y lamellar micro structure had further degenerated compared to the 500 
hours aged condition. There were fewer a 2 lamellae and these were spaced further apart, 
due to the wider y lamellae. Inter-colony y had partially grown further resulting in more 
compact lamellar colonies. Figure 4.33 shows a region where stubby terminations in split 
a 2 lamellae had lighter-contrast particles of an unknown phase at their tips, quite possibly 
TisSia. Figure 5.31 shows thinning of the a 2 lamellae which exhibit signs of serration 
or fragmentation. These are pointed out by arrows (white) and would serve as sites for 
ensuing termination migration to further proceed. Borides were still randomly distributed 
around the microstructure and appeared not to have influenced changes in the lamellar 
morphology or a 2 dissolution.
Another arrow (black) in figure 5.31 points to where an a 2 lamellae seems to begin to 
split into two, and was something noticeable in several other close-up micrographs of the 
1000-hour aged alloy. The emergence of these split-ended a 2 lamellar laths could be in 
relation to the phenomenon observed by Huang et al (2000), where thicker a 2 lamellae 
had split up to be replaced by thinner a 2 and y lamellae. In figure 5.32, arrows point along
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Figure 5.29: EPMA backscatter electron micrograph of the 500-hour aged Ti—47A1-
4(Nb, Mn, Cr, Si, B) alloy, revealing thin and well spaced-apart a 2 lamellae 
compared to the fully lamellar condition. Borides are pointed out by arrows.
50|jm
Figure 5.30: EPMA backscatter electron micrograph of the 500-hour aged Ti-47A1 
-4(Nb, Mn, Cr, Si, B) alloy, displaying a 2 lamellae thinning and breaks 
in their continuity, where termination migration could take place.
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a direction in which it was likely that a previously broad a 2 lamellae had dissected into 
much thinner lamellae of the same phase, one of which (on the left) had faded away 
completely by dissolution. After 1000 hours ageing, X had substantially increased by 
6.66pm from the 500 hour aged condition (Table 4.14 and figure 4.49). The coarsening 
ratio after 1000-hours thermal ageing, had doubled over the fully lamellar condition (r2 = 
2.20). Figure 4.50 shows that the rate of coarsening was at its greatest (1.4x10‘3 h '1) 
between 500 and 1000 hours ageing, indicating that lamellar coarsening was most active 
during this period.
The X-ray diffractogram in figure 4.34 identified the y, a 2 and TiB, as well as the 
Ti5Si3 phase which was not identified in EPMA analysis but could have been present in 
trace amounts. Table 4.9 shows that no significant compositional changes occurred in 
phase composition between the 500 and 1000 hour aged condition. When compared 
against the Ti-Al-Mn alloys after 1000 hours thermal ageing, the Ti-47Al-4(Nb, Mn, 
Cr, Si, B) alloy a 2 lamellae had not undergone the same degree of lamellar fragmentation 
as was seen in the Ti-40A1—5Mn. However, the Ti-40Al-10Mn alloy shared an apparent 
rigidity of a 2 phase lamellae with their more limited degree of fragmented a 2 within 
lamellar grains, albeit at a greater coarsening ratio.
Following 1500 hours thermal ageing of the Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy, 
further transformations to the microstructure were obseived (Section 4.4.3). Figures 4.36 
and 4.37 show the extent of single-phase y insurgence over the a 2/y lamellar 
micro structure, compared to earlier stages of thermal ageing. In figure 4.37 in particular, 
the continuity of thinned and fragmented a 2 lamellae is interrupted by large y-matrix 
areas. Boride stringers are also seen randomly dispersed and do not appear to have been 
in positions whereby they could have influenced morphological change. Figure 4.38 
displays the serration or fragmentation of a 2 lamellae in the 1500-hour aged alloy, which 
perhaps initiated with boundary splitting and then proceeded by termination migration. 
Figure 5.33 reveals extensive lamellar break-up among a 2 lamellae, with an associated 
broadening of single-phase y areas. Fragmentation and termination migration of a 2 
lamellae seemed much more profuse after 1500 hours ageing, than was previously 
observed in the Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy at shorter ageing times.
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Figure 5.31: EPMA backscatter electron micrograph of the 1000-hour aged Ti-47A1 
-4(Nb, Mn, Cr, Si, B) alloy, arrows point out an a 2 lamellar split (black) 
and sites of termination migration (white). Borides are seen as black features.
50pm
Figure 5.32: EPMA backscatter electron micrograph of the 1000-hour aged Ti-47A1 
-4(Nb, Mn, Cr, Si, B) alloy. Arrows point along the direction where a 
thicker a 2 lamellae may have dissected into three thinner, faded laths.
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Figure 5.34 shows the degenerated a 2/y lamellar morphology, which further 
confirmed how extensive thinning, termination migration and dissolution of a 2 lamellae 
had taken place up to 1500 hours ageing. Although lamellar break-up appeared to have 
increased, the spacing between the remaining laths had not substantially widened. Table 
4.14 and figure 4.49 showed that X increased by 1.39pm and r3 was 2.35, whereas r2 was 
2.20 (figure 4.50). This indicated that lamellar coarsening behaviour slowed down, but 
overall break-up and consumption of lamellar microstructure and a 2 phase dissolution 
was still progressing, according to the microstructural evidence. The thinning of a 2 
lamellae in the 1500-hour aged alloy made it increasingly difficult to analyse the phase in 
EPMA, although some relatively thick remnant laths were suitable such as in figure 4.38.
Table 4.10 shows that no significant compositional changes occurred in phase 
composition between the 1000 and 1500 hour aged condition. The X-ray diffractogram of 
figure 4.39 identified the y, a 2 and TiB phases, as well as the Ti5Si3 phase which could 
not be located in EPMA analysis and may have only been present in trace amounts. When 
compared to the Ti-Al-Mn alloys up to 1500 hours thermal ageing, the Ti-47Al-4(Nb, 
Mn, Cr, Si, B) alloy had not exhibited the same globularisation or Ostwald ripening of 
single-phase agglomerates or lamellae. Compared to a similar alloy composition studied 
by Beschliesser et al (2002), the Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy exhibited similar 
morphological changes of the a 2/y lamellar structure, however degeneration could have 
occurred at a much earlier stage than in the Ti-46.5Al-4(Cr, Nb, Ta)-1B alloy of 
Beschliesser et al (2002); where observations were reported only for the ageing times of 
0 and 3500 hours (Section 1.8.2).
The results of thermal ageing for 2000 hours were presented in Section 4.4.4. Rather 
like in the 1500 hours aged condition, figures 4.41 and 4.42 of the 2000-hour aged alloy 
show how the fragmentation of a 2 lamellae was accompanied by the expanded inter­
colony y-phase areas. Boride stringers were still randomly distributed after 2000 hours 
ageing, and appeared not to have undergone break-up or loss in volume. These borides 
appeared not to have been in locations or configurations that could have influenced 
lamellar morphological change. Figures 4.43, 5.35 and 5.36 show numerous points of 
termination migration, in thin and distorted a 2 lamellae. Between the 1500 and 2000
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Figure 5.33: EPMA backscatter electron micrograph of the 1500-hour aged Ti—17A1 
-4(Nb, Mn, Cr, Si, B) alloy exhibiting less of the a 2 phase remaining at 
this stage in the ageing treatment.
Figure 5.34: EPMA backscatter electron micrograph of the 1500-hour aged Ti-47A1- 
4(Nb, Mn, Cr, Si, B) alloy, showing significant a 2 lamellar fragmentation 
and termination migration.
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hours aged conditions there appeared to be somewhat less of the a 2 phase lamellae, but 
not by a very substantial difference. There are also boride stringers in figure 5.36, 
seemingly undiminished in thickness by the thermal ageing process. Figure 4.45, from 
2000 hours ageing, in comparison with Figure 4.21 from the fully lamellar alloy 
illustrates how changes in microstructure and lamellar spacing appeared in the TEM. 
Between 1500 and 2000 hours the X value had increased by 1.86pm (Table 4.14) and the 
profile of X beyond 1000 had more or less levelled off, representing a slow pace of 
lamellar coarsening. Therefore, the coarsening ratio r between 1000 and 2000 hours 
increased at smaller rates, of 3.0 xlO'4 h '1 and 4.1 xlO'4 h '1, as shown in figure 4.50.
It seemed as though the driving force for rapid lamellar coarsening, such as between 
0, 500 and 1000 horns ageing had diminished, perhaps as much of the non-equilibrium, 
a 2/y lamellar micro structure and a 2 phase in particular, had been eliminated. Change 
continued to take place in terms of termination migration of any remnant a 2 lamellae, 
which were increasingly more thread-like by 1500 hours ageing. Table 4.11 shows that 
no significant compositional changes occurred in phase composition between the 1500 
and 2000 hour aged condition. The X-ray diffractogram of figure 4.44 identified the y, a 2 
and TiB phases, as well as the Ti5Si3 phase which like previously, was not analysed in 
EPMA analysis and must have been present only as trace amounts.
Figure 4.46 shows one relatively thick a 2 lamellae, where it was still possible to make 
analyses for concentration profiling. The concentration profiles in the y phase of the 
2000-hour aged alloy (see Table 4.12 and figure 4.47) show no appreciable segregation 
of elements to the edges of the lamellae, as was the case in the fully lamellar condition. 
The Ti and Al contents of the a 2 lamellae showed a decrease and increase in
concentration respectively (Table 4.13 and figure 4.48). This was the same situation as
for the fully lamellar condition but by a lesser magnitude, which saw around a ~4.0 at % 
difference in Ti and Al at the edges, compared to ~2.0 at % in the 2000 hours aged alloy 
(compare Tables 4.7 and 4.13). It is reasonable to find that the a 2 lamellae had become 
partially more homogeneous, due to the large-scale microstructural transformations
talcing place during thermal ageing. As with the Ti-Al-Mn alloys, it should be
remembered that as the a 2 lamellae were thinner in the 2000-aged condition, the
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Figure 5.35: EPMA backscatter electron micrograph of the 2000-hour aged Ti-47A1 
-4(Nb> Mn, Cr, Si, B) alloy displaying the degenerated a 2/y lamellar 
morphology, which is not vastly different to the 1500-hour alloy.
50|jm
Figure 5.36: EPMA backscatter electron micrograph of the 2000-hour aged Ti-47A1 
-4(Nb, Mn, Cr, Si, B) alloy showing major a 2 phase dissolution, in stark 
contrast to the fully lamellar microstructure (figures 5.27 and 5.28).
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centres and edges of each a 2 lamellae would be in closer proximity, and thus have 
influence on the outcome of TEM-EDX concentration profiles.
To summarise, after 2000 hours ageing and having witnessed the progressive 
transformations in microstructure and lamellar morphology, X had increased from 
9.33pm (Xq) to 23.82pm (Z4) with a corresponding coarsening ratio (r4) of 2.55. 
Ultimately, the coarsening behaviour was somewhere in between that of the Ti-40A1- 
5Mn (r4 = 3.25) and the Ti-40Al-10Mn alloys (r4 = 1.59). However, it is not that rational 
to compare the two alloy groups (Ti-Al-Mn against y-TAB) so critically with regards to 
coarsening behaviour, simply because their starting lamellar spacings (Xq) were separated 
by a factor of three. Reasons for the large X values in boron-containing TiAl alloys were 
discussed in Sections 1.4.1.1 and 5.4.
Lamellar morphological stability was observed to be better than that of the Ti-40A1- 
5Mn alloy. The scale to which fragmentation, break-up and termination migration of a 2 
lamellae within colonies was greater in the Ti-40Al-5Mn alloy (see Sections 3.5 and 
5.5.2). The Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy seemed to maintain more rigidity and 
robustness among the surviving a 2 lamellar laths, as did the Ti-40Al-10Mn to a similar 
extent, particularly up to 1000 hours ageing. After 1500 hours ageing, there were rather 
more noticeable signs of termination migration within lamellar regions (Sections 3.9,
5.5.3 and 4.4). However, more a 2/y lamellar regions were retained in the Ti-47Al-4(Nb, 
Mn, Cr, Si, B) alloy than in the Ti-40Al-10Mn alloy. A comparison of two light 
micrographs given in figures 3.86 and 4.40, from these two alloys in the 2000-hour aged 
condition will verify this observation. This was because of major Ostwald ripening of 
single phase a 2 and Laves agglomerates, and the y-matrix coverage eliminated almost all 
of the a 2/y lamellar content in the Ti-40Al-10Mn alloy.
The Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy however still maintained a 2/y lamellar 
coverage, although it comprised of very coarse y lamellae with thin and sparsely 
distributed a 2 lamellae. A summary of the key features of the Ti-47Al-4(Nb, Mn, Cr, Si, 
B) alloy microstructure, against thermal ageing condition is given in Table 5.12. The 
collated EPMA data in Table 5.13 showed no major compositional shifts, such as those 
analysed between the fully lamellar and 500 hour aged Ti-Al-Mn alloys in Tables 5.10
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Condition Key features of Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy microstructure
Fully
Lamellar
Mainly continuous and solid a 2/y lamellae of variable thickness. A few 
broken a 2, non-linear or bowed lamellae with “Y”-junctions.
500h
Not much a 2 lamellar fragmentation and very little termination migration.
But fairly thinned a 2 lamellae and visibly coarsely lamellae. Hence 
significant change in interlamellar spacing X. NoSihange in borides seen.
lOOOh
Growth of y phase areas. Some increase in a 2 fragmentation and partial 
termination migration. Parallel splitting of a 2 lamellae. Unknown light- 
phase (figure 4.33 only) Massive increase in X. No change in borides.
1500h
Loss of lamellar a 2 content and extended y areas. Greater incidence of a 2 
termination migration. Little change in X. No change in visible borides
2000b
Further small loss of a 2 lamellae content, very wide y lamellae. a 2 lamellar 
termination migration. Minor increase in X. No change in visible borides.
Table 5.12: Key features of the Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy micro structure 
with thermal ageing.
and 5.11. The Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy was not so heavily driven by the lands 
of phase transformations seen in the Ti-Al-Mn alloys, the land of which brought about 
the formation of (3 and Laves. The y and a 2 phases were more stable in composition 
during thermal ageing and exhibited only minor or random variations. The Al and Ti 
contents fluctuated slightly in both the a 2 and y phases of the thermally aged Ti-47A1- 
4(Nb, Mn, Cr, Si, B) alloy, but by nothing that amounted to any major shifts in 
composition. The Cr and Mn contents were also seen to fluctuate, as seen in Table 5.13.
The a 2 phase Cr content decreased and increased between 500 and 2000 horns 
ageing, as did the Mn content. It was reasonable to observe such minor variations in the 
phase compositions, as these are associated with the degradation of the fully lamellar
micro structure, and moreover the dissolution of the unstable a 2 phase. The y phase
however was more stable in comparison, and showed little variation in Nb, Mn and Cr 
content throughout thermal ageing.
The Ti3Si3 phase that appeared in XRD results of the aged alloys was of trace
amounts only, and proved impossible to visually locate and analyse. It had been
quantitatively analysed in the as-received alloy by TEM-EDX analysis (see Table 4.2 in 
Section 4.2), but may be an option for any future work in aged alloys to further consider.
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alioy Element at %
Fully lamellar Ti Ai Nb Mn Cr
y 47.6 48.9 1.8 0.9 0.8
a2 59.7 35.8 1.5 1.3 1.7
500 h ageing
y 49.1 47.6 1.6 0.9 0.8
a2 59.3 36.6 1.3 1.2 1.6
1000 h ageing
y 51.2 45.9 1.6 0.6 0.7
a2 59.6 37.3 1.6 0.6 0.9
1500 h ageing
y 49.5 47.1 1.5 1.0 0.9
a2 60.7 35.6 1.4 0.7 1.6
2000 h ageing
y 48.8 48.3 1.4 0.8 0.7
a2 61.1 35.2 1.6 0.9 1.2
ble 5.13: EPMA data for the fu ly lamellar and aged Ti-47Al-4(Nb, Mn,
Cr, Si, B) alloys.
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Chapter 6: Conclusions and Suggestions for Future Work
6.1 Conclusions
The objectives of this work have been achieved. The conclusions of the research 
presented in this thesis are as follows:
• Two Ti-Al-Mn alloys, which had been produced by plasma arc melting, were 
characterised using X-ray diffraction and light and electron microscopy, hi the as- 
received condition, the Ti-40Al-5Mn alloy exhibited a dendritic microstructure 
comprising of very fine a 2/y lamellar areas separated by single-phase formations of y, (3 
and Laves (Mn2Ti). The as-received Ti-40Al-10Mn alloy was also dendritic but with 
considerably larger single-phase y and (3 grains, Laves precipitates, and less a 2/y lamellar 
phase content. This was attributed to the higher Mn content of the Ti-40Al-10Mn alloy, 
which encouraged greater volume fractions of these phases.
® After heat treatment at 1200°C for 4 hours, the Ti-40Al-5Mn alloy exhibited a nearly 
lamellar microstmcture, comprising of poorly developed a 2/y lamellae and inter-colony y, 
with small p and Laves precipitates. The Ti-40Al-10Mn alloy exhibited a duplex 
microstructure containing around 50/50 volume content of poorly formed a 2/y lamellar 
grains and large inter-colony y regions or p and Laves grains. The difference in 
micro structure between the two alloys was attributed to the additional Mn in the Ti- 
40Al-10Mn alloy whereby more y, p, and Laves was formed, in accordance with the Ti- 
Al-Mn phase diagram at the heat treatment temperature.
® As the heat treatment at 1200°C did not produce a fully lamellar microstructure, a follow- 
up heat treatment at 1300°C was conducted whereby the Ti-Al-Mn alloys were likely to 
reside in the a  phase region, producing a fully lamellar microstructure upon cooling. This 
was achieved and the Ti-40Al-5Mn alloy comprised of very large fully lamellar colonies 
with well developed, linear and rigid a 2/y lamellae. The Ti-40Al-10Mn alloy had smaller 
equiaxed grains of well developed a 2/y lamellae. Both alloys exhibited P phase linings 
• along the a 2/y lamellar interfaces and p precipitates at colony boundaries.
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® Long-term isothermal ageing at 800°C for up to 2000 hours, was conducted to assess the 
microstructural and morphological stability of the fully lamellar Ti-Al-Mn alloys. These 
alloys were heavily driven by phase equilibrium requirements during ageing, which 
resulted in extensive transformations of microstructure. Growth of J3 grains, Laves phase 
grains or lamellae followed an a 2 -> (3 Laves transformation sequence, and the 
recession and elimination of original a 2/y lamellar content left behind extended y-matrix 
regions. The Ostwald ripening mechanism would have been operating here, growing 
single-phase agglomerates of a 2, (3 and Laves lamellae at the expense of original a 2 
lamellae. These transformations took place to a greater extent in the Ti-40Al-10Mn alloy 
due to its higher Mn content and position in the Ti-Al-Mn isothermal section at 800°C.
• The Ti-40Al-5Mn alloy was more susceptible to fragmentation and termination 
migration of a 2 lamellae within lamellar regions, as it exhibited more of these 
characteristics after thermal ageing. The a 2 lamellae in the aged Ti-40Al-10Mn alloy 
showed more rigidity and continuity within any surviving lamellar regions. However, the 
hade off to this was that substantially more a 2/y lamellar regions were retained in the Ti- 
40Al-5Mn alloy after thermal ageing, and eliminated more in the Ti-40Al-10Mn alloy, 
This was because the fully lamellar Ti-40Al-5Mn alloy had massive colonies, compared 
to smaller equiaxed grains in the Ti-40Al-10Mn alloy, thus providing more sites for 
micro structural change. Also, the higher Mn content favoured the (3 or Laves phases.
® A third generation titanium aluminide alloy from the y-TAB family was characterised
using the same techniques as for the Ti-Al-Mn alloys. The Ti-7Al-4(Nb, Mn, Cr, Si, B) 
alloy had been produced by hot isostatic pressing of powders, and its as-received 
microstructure exhibited a mixture of fine or feathery lamellar colonies, with single phase 
y-matrix areas. Boride stringers were generously distributed throughout the 
microstructure and a Ti-Si based precipitate was analysed and identified as being the 
Ti5Si3 phase. Heat treatment at 1400°C for 6 hours successfully transformed this 
microstructure to one comprised of fully lamellar equiaxed grains, with rather coarse y 
and thin a 2 lamellae, and randomly distributed boride stringers.
• Long-term isothermal ageing at 800°C for up to 2000 hours was conducted on the fully 
lamellar Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy and there were no large-scale 
transformations and Ostwald ripening of a 2, p and Laves phase grains as a result. Instead,
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substantial coarsening of y phase lamellae and the extension of inter-colony y proceeded 
by a considerable amount. There was noticeably less fragmentation and termination 
migration of oc2 lamellae, within lamellar regions of this alloy compared to the TiXOAl- 
5Mn alloy. However, by 2000 hours ageing the a 2 lamellae were very sparse. The TisSi3 
phase was not observed or analysed in the thermally aged samples and its influence on 
microstructure is unknown. Boride stringers had not undergone break-up or dissolution 
and did not appear to influence lamellar morphological change.
• Mean interlamellar spacing and coarsening ratio increased the most in the Ti-40Al-5Mn 
alloy, due to the extent of a 2 lamellar fragmentation and termination migration earlier 011 
in the thermal ageing, compared to the Ti-40Al-10Mn and Ti-47Al-4(Nb, Mn, Cr, Si, 
B) alloys. However, the initial lamellar spacing of the Ti-47Al-4(Nb, Mn, Cr, Si, B) 
alloy was already very large. A faster cooling regime following the solution heat 
treatment at 1400°C, such as air or oil quenching could have produced a finer 
interlamellar spacing,
® Several mechanisms of morphological evolution were not active in the alloys studied, 
such as direct cylinderisation, edge spheroidisation and discontinuous coarsening. 
Boundary splitting was not immediately visible, but it must have been the precursor to 
the more observable fragmentation and termination migration of a 2 lamellae. 
Termination migration within lamellar regions was considered as being a separate event 
to termination migration at the colony boundaries, which is essentially the recession of 
the lamellar colony or region and a corresponding extension of the y-matrix.
® The Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy showed the most potential for the development 
of y-TiAl alloys having superior morphological stability. The wide interlamellar spacing 
observed in this study, due to the coarse y lamellae would have to be rectified. The 
addition of higher quantities of an a 2-stabiliser such as Nb or Si, could well result in a 
higher a 2 lamellar volume fraction and enhancers morphological stability during 
thermal ageing. A higher quantity of Si (0.5 ~ 1.0 at %) may also promote the formation 
of TisSi3 to a greater degree, which could then allow for this phase to be assessed. As 
compositional adjustments could also be detrimental to other properties such as ductility, 
a careful balance of additional alloying elements should ensure a material that has the 
desired mechanical properties, as well as long-term thermal stability.
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6.2 Suggestions for future work
This study did not trace the whereabouts of Si or Si-containing phases in the Ti-47 Al— 
4(Nb, Mn, Cr, Si, B) alloy following heat treatment to produce a fully lamellar 
microstructure, and the subsequent thermal ageing experiment. Further investigations to 
elucidate the presence of Si and any influence it has on lamellar morphological stability, 
would be helpful in further understanding the benefits of this element to the high-temperature 
properties of y-TiAl alloys. Si is regarded as an effective a 2 phase stabiliser which enhances 
the creep properties of y-TiAl alloys, particularly when present as TisSi3 precipitate phases 
(see Section 1.4.2.2).
This study also saw the creation of a fully lamellar Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy 
possessing rather wide interlamellar spacings and a low a 2 phase volume, which might have 
been a consequence of the boride content (discussed in Section 5.4). It would be 
advantageous to any future assessments of lamellar morphological stability in this alloy, or 
any other multi-component alloy to produce microstructures with refined lamellar spacing. 
Alternative furnace apparatus should be employed, which enables extraction of alloy 
specimens at the solution heat treatment temperature, to then generate much finer lamellae by 
air cooling or possibly oil quenching.
The newest 4th generation y-TiAl alloys also offer potential gains in lamellar 
morphological stability and could be assessed against the prior 3rd generation Ti-47Al-4(Nb, 
Mn, Cr, Si, B) alloy. If additional isothermal ageing experiments were to be conducted, the 
latest y-TiAl alloys with high Nb content should offer greater a 2 phase stability and 
resistance to mechanisms of morphological evolution. A repeat of the thermal ageing 
experiments used in this study could look at comparing the 3rd and 4th generation y-TiAl 
alloys, with an extended ageing time up to 3500 hours and possibly include cyclic heating 
and cooling regimes to imitate conditions experienced in practical applications, such as in 
aero-engines.
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APPENDIX: XRD Data
PEAK 20 l/lo d-spacing(A) phase
1 27.247 14 3.270 a2
2 36.868 15 2.436 P
3 41.387 8 2.180 a2
4 43.1 4 2.097 Y
5 44.168 100 2.049 y or p
6 45.329 33 1.999 P
7 46.491 23 1.952 P
8 50.572 51 1.803 Y
9 56.178 6 1.636 Laves
10 59.3 3 1.557 a2
11 61.2 4 1.513 a2
12 63.706 8 1.460 a2
13 70.893 40 1.328 Y
14 77.9 5 1.225 a2
15 84.598 29 1.145 P
16 88.688 5 1.102 c(2 or Laves
17 106.1 4 0.964 a2
18 118.69 9 0.895 a2
Table A l: XRD data of the as-received Ti-40Al-5Mn alloy.
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PEAK 20 l/lo d-spacing(A)phase
1 20.371 26 4.356 a2
2 23.4 19 3.798 a2
3 28.83 22 3.094 a2
4 30.865 38 2.895 a2
5 32.751 100 2.732 Y
6 36.022 22 2.491 P
7 37.37 69 2.404 P
8 40.284 51 2.237 Laves
9 41.361 69 2.181 a2
10 43.028 22 2.100 Y
11 44.124 41 2.051 y or p
12 45.255 87 2.002 P
13 46.389 40 1.956 P
14 47.823 62 1.900 Y
15 48.5 42 1.875 (3
16 49.822 15 1.829 Y
17 50.6 11 1.802 Y
18 53.308 19 1.717 a2
19 57.569 28 1.600 Y
20 58.9 20 1.567 a2
21 59.523 35 1.552 y or Laves
22 60.5 8 1.529 a2
23 61.818 13 1.500 P
24 62.658 27 1.481 a2
25 63.2 10 1.470 a2
26 65.962 14 1.415 Y
27 67.071 43 1.394 Laves
28 69.202 14 1.356 Y
29 70.8 8 1.330 Y
30 71.64 11 1.316 P
31 73.365 15 1.290 P
32 74.1 13 1.278 P
33 75.0 7 1.265 Y
34 77.384 11 1.232 Laves
35 79.298 13 1.207 Laves
36 81.457 19 1.181 P
37 83.285 15 1.159 a2
38 84.759 13 1.143 P
39 87.6 6 1.113 Laves
40 88.7 7 1.102 a2 or Laves
41 91.6 7 1.074 Y
42 100.388 7 1.003 Y
43 106.2 5 0.963 a2
44 108.329 7 0.950 a2
45 110.0 7 0.940 a2
46 112.317 13 0.927 Y
47 113.845 9 0.919 a2
48 118.675 7 0.895 a2
Table A2: XRD data of the 1200°C heat treated (nearly lamellar) Ti-40Al-5Mn alloy.
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PEAK 20 l/lo d-spacing(A)phase
1 22 5 4.037 ct2
2 31.7 5 2.820 Y
3 36.1 5 2.486 a2
4 38.857 100 2.316 Y
5 41.072 22 2.196 P
6 45.2 13 2.004 P or a2
7 50.9 3 1.793 Y
8 54.2 3 1.691 a 2
9 55.9 2 1.643 Y
10 65.705 14 1.420 Y
11 72.2 3 1.307 P
12 79.2 10 1.208 Laves
13 83.3 8 1.159 a2
14 113.2 5 0.923 a2
15 117.2 4 0.902 a2
16 118.3 4 0.897 a 2
Table A3: XRD data of the 1300°C heat treated (fully lamellar) Ti-40Al-5Mn alloy,
PEAK 20 l/lo d-spacing(A)phase
1 22.1 40 4.019 Y
2 25.3 30 3.517 oc2
3 29.4 34 3.035 a 2
4 31.6 32 2.829 Y
5 34.9 24 2.569 a2
6 36 24 2.493 P
7 38.973 100 2.309 Y
8 41.1 30 2.194 P
9 43.1 22 2.097 Y
10 45.26 58 2.002 p
11 51 12 1.789 Laves or y
12 54.2 11 1.691 a2
13 65.8 15 1.418 Y
14 78.7 14 1.215 P
15 79.3 13 1.207 Laves
16 100.7 8 1.000 Y
17 113.3 10 0.922 a2
Table A4: XRD data of the Ti-40Al-5Mn alloy thermally aged at 800°C for 500 hours.
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PEAK 20 l/lo d-spacing(A)phase
1 25.3 51 3.517 a 2
2 27.8 53 3.206 P
3 29.2 59 3.056 a 2
4 31.6 55 2.829 Y
5 34.9 43 2.569 a 2
6 35.8 38 2.506 P
7 38.77 100 2.321 Y
8 40.9 46 2.205 02
9 43 36 2.102 Y
10 44.8 40 2.021 Y
11 50.7 18 1.799 Laves
12 53.8 17 1.703 Y
13 55.7 15 1.649 Y
14 57.3 16 1.607 Y
15 65.601 39 1.422 Y
16 71.913 20 1.312 Laves
17 78.5 24 1.217 P
18 79.1 23 1.210 Laves
19 113.1 12 0.923 a2
20 117.1 11 0.903 02
Table A5: XRD data of the Ti-40Al-5Mn alloy thermally aged at 800°C for 000 hours.
PEAK 20 i/lo d-spacing(A)phase
1 31.5 8 2.838 Y
2 38.763 100 2.321 Y
3 40.8 7 2.210 o2
4 43.2 6 2.092 Y
5 44.7 10 2.026 Y
6 45.2 9 2.004 o2 or p
7 50.8 4 1.796 Y
8 65.6 11 1.422 Y
9 78.4 4 1.219 P
10 79.2 5 1.208 Laves
11 113.2 3 0.923 o2
12 117.1 3 0.903 o2
13 118.6 4 0.896 o2
Table A6: XRD data o f the Ti-40Al-5M n alloy thermally aged at 800°C for
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PEAK 20 l/lo d-spacing(A)phase
1 22 12 4.037 02
2 31.7 10 2.820 Y
3 36 7 2.493 P
4 38.896 100 2.314 Y
5 41 13 2.199 P
6 42.5 13 2.125 Y
7 45.291 33 2.001 (3 or 002
8 50.9 4 1.793 Y
9 55.9 5 1.643 Y
10 65.688 14 1.420 Y
11 78.6 7 1.216 P
12 79.3 9 1.207 Laves
13 83.4 7 1.158 a2
14 100.4 3 1.003 Y
15 113.2 5 0.923 a2
16 114 4 0.918 a2
Table A7: XRD data of the Ti-40Al-5Mn alloy thermally aged at 800°C for 2000 hours.
PEAK 20 l/lo d-spacing(A)phase
1 20.2 13 4.392 a2
2 27.4 7 3.252 a2
3 37.062 7 2.424 P
4 41.332 7 2.183 02
5 44.285 100 2.044 Y
6 45.676 29 1.985 Laves
7 46.5 19 1.951 P
8 47.7 11 1.905 P
9 48.487 10 1.876 P
10 50.388 15 1.810 02
11 52.7 3 1.735 P
12 54.6 2 1.679 P
13 56.1 3 1.638 Laves
14 59.4 3 1.555 Y
15 61.1 3 1.515 a2
16 70.969 23 1.327 Y
17 77.7 5 1.228 cc2
18 84.629 20 1.144 P
19 88.706 6 1.102 a2
20 118.7 6 0.895 a2
Table A8: XRD data of the as-received Ti-40Al-10Mn alloy.
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PEAK 20 l/lo d-spacing(A) phase
2 27.1 31 3.288 02
3 37 28 2.428 P
4 40 23 2.252 Laves
5 41.1 21 2.194 P
6 44.139 78 2.050 Y
7 45.368 43 1.997 Y
8 46.3 22 1.959 P
9 48.1 23 1.890 02
10 50.556 24 1.804 02
11 58.9 12 1.567 a 2
12 67.382 14 1.389 Laves
13 70.917 17 1.328 Y
14 77.4 11 1.232 Laves
15 81.727 11 1.177 P
16 84.6 12 1.145 P
17 88.7 11 1.102 02
18 110.7 7 0.936 o 2
19 112.7 9 0.925 Y
Table A9: XRD data of the 1200°C heat treated (duplex) Ti-40Al-10Mn alloy.
PEAK 20 l/lo d-s pacing(A)phas e
1 22.3 6 3.983 a 2
2 31.9 5 2.803 Y
3 36.3 5 2.473 a 2
4 39.166 100 2.298 Y
5 41.365 23 2.181 a2
6 45.484 18 1.993 P
7 51.1 2 1.786 Y
8 54.5 3 1.682 P !
9 65.9 7 1.416 Y
10 72.3 2 1.306 P
11 78.7 6 1.215 P
12 79.4 6 1.206 Laves
13 83.5 8 1.157 a 2
14 113.4 4 0.922 a 2
15 117.0 3 0.903 a 2
16 118.2 5 0.898 a 2
Table A10: XRD data of the 1300°C heat treated (fully lamellar) Ti-40Al-10Mn alloy.
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PEAK 20 l/lo d-spacing(A) phase
1 25.3 10 3.517 a2
2 29.2 11 3.056 a2
3 31.7 10 2.820 y
4 34.9 8 2.569 a2
5 38.825 100 2.318 y
6 44.6 8 2.030 y
7 45.3 8 2.000 a2 or p
8 55.7 4 1.649 y
9 57.3 3 1.607 y
10 65.5 6 1.424 y
11 78.2 4 1.221 (3
12 79.3 4 1.207 Laves
13 83.315 13 1.159 a2
14 112.9 3 0.924 y
Table A l 1: XRD data of the Ti-40Al-10Mn alloy thermally aged at 800°C for 500 hours.
Peak 20 l/lo d-spacing(A)phase
1 31.7 21 2.820 y
2 38.861 100 2.315 y
3 43.1 12 2.097 y
4 45.1 12 2.009 p ory
5 51 7 1.789 Laves or y
6 55.6 6 1.652 P
7 65.532 16 1.423 y
8 66.1 10 1.412 P
9 78.1 8 1.223 a2
10 79.3 9 1.207 Laves
11 113 11 0.924 y
12 114.2 5 0.917 a2
13 116.6 9 0.905 a2
14 118.5 6 0.896 a2
15 119.2 6 0.893 a2
Table A12: XRD data of the Ti-40Al-10M n alloy thermally aged at 800°C for 1000 hours.
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Peak 20 l/lo d-spacing(A) phase
1 20.331 61 4.364 a 2
2 22.0 53 4.037 a 2
3 27.9 38 3.195 Laves
4 29.3 46 3.046 a 2
5 31.5 39 2.838 Y
6 36.0 35 2.493 P
7 38.883 100 2.314 Y
8 40.9 36 2.205 a 2
9 42.417 39 2.129 y or (3
10 43.2 36 2.092 Y
11 44.757 76 2.023 Y
12 45.3 49 2.000 a 2 or (3
13 47.4 18 1.916 P
14 48.4 17 1.879 P
15 50.6 14 1.802 Y
16 55.7 12 1.649 Y
17 65.601 85 1.422 Y
18 69.03 16 1.359 Laves
19 71.6 14 1.317 P
20 78.466 25 1.218 P
21 79.236 29 1.208 Laves
22 113.2 12 0.923 a 2
23 114.0 11 0.918 ct2
Table A13: XRD data of the Ti—40Al-10Mn alloy thermally aged at 800°C for 1500 hours.
Peak 26 l/lo d-spacing(A)phase
1 21.9 20 4.055 Y
2 31.6 19 2.829 Y
3 38.796 100 2.319 Y
4 40.9 15 2.205 a 2
5 42.2 13 2.140 P
6 43.4 13 2.088 Laves
7 45.225 25 2.003 (3 or a 2
8 50.9 8 1.793 Y
9 65.593 28 1.422 Y
10 78.4 8 1.219 P
11 79.2 10 1.208 Laves
12 83.3 9 1.159 a 2
13 113.2 12 0.923 a 2 or y
Table A14: XRD data of the Ti-40Al-10M n alloy thermally aged at 800°C for 2000 hours.
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PEAK 20 l/lo d-spacing(A) phase
1 31.8 3 2.812 Y
2 39.3 100 2.306 0-2
3 44.8 3 2.021 Y
4 45.5 3 1.992 Y
5 51 1 1.789 Y
6 55.7 1 1.649 Y
7 56.6 2 1.422 Ti5Si3
8 78.37 13 1.219 TiB
9 79.49 16 1.205 Ti5Si3 or
10 83.4 10 1.158 0-2
Table A15: XRD data of the as-received Ti-47Al-4(Nb, Mn, Cr, Si, B) alloy.
PEAK 20 l/lo d-spacing(A) phase
1 20.21 44 4.390 0-2
2 22 34 4.037 0.2
3 31.9 22 2.803 y
4 39.09 100 2.306 02
5 41.2 22 2.189 0-2
6 44.7 27 2.026 Y
7 45.1 32 2.008 Ti5Si3
8 51.1 8 1.786 Ti5Si3 or
9 53.8 6 1.703 Y
10 55.9 8 1.643 Y
11 65.7 14 1.420 Ti5Si3 or y
12 78.41 17 1.219 TiB
13 79.53 19 1.204 Ti5Si3 or a2
14 113.2 8 0.923 0-2
Table A16: XRD data of the 1400°C heat treated (fully lamellar) Ti-47Al-4(Nb, Mn,
Cr, Si, B) alloy.
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PEAK 20 l/lo d-spacmg(A)phase
1 25.3 18 3.517 a2
2 29.1 21 3.066 TiB
3 34.9 14 2.569 a2
4 38.88 100 2.314 Y
5 40.8 13 2.210 a2
6 42.4 12 2.130 r
7 40.8 13 2.097 y |
8 44.7 19 2.026 y
9 45.3 17 2.000 a2
10 57.3 6 1.607 y
11 65.6 6 1.422 Ti5Si3 ory
12 83.394 17 1.158 a2
Table A17: XRD data of the Ti-47Al-4(Nb, Mn, Cr, Si, B) thermally aged 
at 800°C for 500 hours.
PEAK 20 l/lo d-spacing(A) phase
1 25.3 33 3.517 a2
2 29.1 36 3.066 TiB
3 34.9 27 2.569 a2 j
4 36.1 25 2.486 a2
5 38.9 100 2.313 y
6 40.9 32 2.205 a2
7 42.5 29 2.125 y
8 43.2 28 2.092 y
9 45.245 40 2.003 Ti5Si3
10 65.716 19 1.420 y
11 79.381 20 1.206 Ti5Si3 or
12 83.4 13 1.158 a2
13 113.35 15 0.922 y
14 117.3 12 0.902 a2
15 118.7 13 0.895 a2
Table A18: XRD data of the Ti-47Al-4(Nb, Mn, Cr, Si, B) thermally aged 
at 800°C for 1000 hours.
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PEAK 20 l/lo d-spacing(A) phase
1 21.8 8 4.074 y
2 31.6 9 2.829 Y
3 38.822 100 2.318 Y
4 40.8 7 2.210 Ct2
5 44.6 8 2.030 Y
6 45.3 10 2.000 a 2
7 50.8 3 1.796 Y
8 55.7 3 1.649 Y
9 65.488 17 1.424 Ti5Si3
10 66.0 8 1.414 Y
11 78.1 8 1.223 TiB
12 79.3 9 1.207 Ti5Si3 or a 2
13 112.9 4 0.924 Y
LD data of t ie Ti-47Al-4(Nb, Mn, Cr, Si, B) thermally aged
800°C for 1500 hours.
PEAK 20 l/lo d-spacing(A)phase j
1 21.9 13 4.055 Y
2 31.7 15 2.820 Y
3 38.874 100 2.315 Y
4 44.6 16 2.030 a 2
5 45.4 15 1.996 Y
6 51 5 1.789 Y
7 53.9 5 1.700 Y
8 55.8 5 1.646 Y
9 65.565 24 1.423 Ti5Si3 ory
10 66.1 14 1.412 Ti5Si3
11 78.259 15 1.221 TiB
12 79.407 25 1.206 Ti5Si3 or
13 83.3 7 1.159 a 2
14 112.8 6 0.925 Y
15 114 4 0.918 a 2
16 118.5 4 0.896 a 2
Table A20: XRD data of t re Ti-47Al-4(Nb, Mn, Cr, Si, B) thermally aged
at 800°C for 2000 hours.
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